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EXPERIMENTS WITH AN ION EXCHANGE RESIN* 
19 | By MORRIS JOSELOWt anp CHARLES R. DAWSON{ 
727 (From the Department of Chemistry, Columbia University, New York, New York) 
735 (Received for publication, December 11, 1950) 


iad Recent investigations tend heavily to support the view that ascorbic 
| acid oxidase is a specific enzyme containing copper as the prosthetic group 
765 of a blue-green conjugated protein having a molecular weight of about 
150,000 (1, 2). Little is known at the present time concerning either the 
75 nature of the copper-protein bond in the enzyme or the function of the 

' enzyme copper in the catalytic process. 
In contemplating the use of a radioactive isotope of copper as a tool for 
787 gaining more information about the copper-protein bond in ascorbic acid 
oxidase, it became apparent that one of the major requirements was the 
development of a rapid and quantitative method for separation of the 
enzyme from free ionic copper in aqueous solutions. Because of the rel- 


799 


"807 atively short half life of radioactive Cu®™ (12.8 hours) (3), the simple 
dialysis process was too slow. Preliminary experiments with electro- 
819 dialysis and protein precipitation techniques resulted in an unsatisfactory 


7 ” recovery of the enzyme activity. For these reasons, experimental work 
83: 


| was undertaken to test the feasibility of using an ion exchange resin for 
843 quantitatively removing free ionic copper from ascorbic acid oxidase solu- 
859 tions. As revealed by the results described below, a resin which proved 


to be completely satisfactory for such separations, without injury to the 
enzyme, was Amberlite IR-100, analytical grade (4, 5). No attempt was 
made to evaluate all of the possible ion exchange resins. 


EXPERIMENTAL 


Ion Exchange Column—The design and dimensions of the Pyrex column, 
used for work under a controlled atmosphere, are shown in Fig. 1. The 
3-way stop-cock at the-top connected the resin column with a gas reservoir 
(balloon) and another 3-way stop-cock. The latter was connected to an 

| evacuation system (water pump) and to a nitrogen tank by way of two 
alkaline pyrogallol bubblers. One side bulb was fitted with a rubber 


* Supported in part by a grant from the Division of Research Grants and Fellow- 
ships of the National Institutes of Health, United States Public Health Service. 

{ This paper is from the doctoral dissertation of Morris Joselow, Columbia Uni- 
versity, 1949. 

¢ With the technical assistance of Stanley Lewis. 
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serum bottle cap, through which material could be introduced by means of 
hypodermic needle without opening the system to the air. A glass wool 
plug was used to support a resin column, 200 mm. long. 

Resin—Amberlite IR-100, analytical grade,! in the Nat form, was 
poured into the column to make a bed 20 cm. high. After washing with 
water until the effluent was colorless, the resin was conditioned by allow- 
ing the following solutions to percolate through by gravity flow: (1) 5 per 
cent HCl until the effluent was strongly acid; (2) distilled H.O until the 





a Z. rj 





Capacity 
‘ami ~ 25m/ / 
A B 


+k 8mm 














slag 


Fig. 1. Ion exchange column 


effluent was nearly neutral (pH 6); (3) 5 per cent NaCl solutions until all 
of the H* ions were displaced. Two or three such washing cycles were 
usually employed, after which a 25 ml. volume of 0.1 mM sodium acetate 
buffer, pH 5.6, was passed through, the last 5 ml. or so being left in the 
column for equilibration overnight. A final rinse with 25 ml. of distilled 
H;.0 was always the last operation before using the resin column. 

When the resin column was to be used under a nitrogen atmosphere, the 
previously conditioned resin was thoroughly washed with nitrogen-satu- 
rated 0.1 m sodium acetate buffer and then with nitrogen-saturated water 
before use. When enzyme solutions were passed through the column, the 
rate was controlled to 1 drop per minute so that about 2 hours were neces- 


1 Rohm and Haas Company, Philadelphia, Pennsylvania. 
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of sary to collect 10 ml. of effluent. In trial runs it was found that a 100 x 
8 mm. column of resin and a flow rate of 1 drop per 30 seconds were suffi- 
cient for the complete removal of amounts of copper (1 mg.) which were 
™ more than 10-fold in excess of the amounts used in the enzyme studies. 
th In order to provide an extra margin of safety, the column length was 
" doubled and the flow rate was slowed down. 
= The amount of resin introduced into the column weed about 3 gm. 
“ when air-dried. Since the resin has a cation capacity of more than 1 
m.eq. per gm. (5), this amount of resin was much more than adequate for 
adsorbing all the copper ever passed through the columns. 

No measurable amount of copper (<0.01 y per ml.) could be detected 
in the final water effluent used for conditioning. 

Ascorbic Acid Oxidase—Data for activity and copper on the four as- 
corbic acid oxidase preparations used in this investigation are given in 


( | 











TaBLe I 
Data on Ascorbic Acid Oxidase Preparations 
Enzyme No. Preparation No. Units per ml. } Units per mg. ~ Per cent Cu 
1 AA017F5 850 650 330 0.19 
2 AA022F4D 1780 1060 495 0.22 
3 AA022F4C 3040 1620 670 0.24 
4 AA023F3A 4530 1780 700 0.25 




















Table I. The four enzyme specimens were obtained by the method of 
preparation described by Powers, Lewis, and Dawson (1), as applied to 
three different batches of the yellow crookneck squash (Cucurbita pepo 
condensa). The method used for all measurements of enzyme activity 
was that described by the same investigators (1). 

| Reaction-Inactivated Enzyme—An aliquot of active Enzyme 1, previously 


ull dialyzed against 0.1 M acetate buffer (pH 5.6), was added to an equal vol- 
re ume of a solution of ascorbic acid containing 50 mg. per ml. in 1.0 m ace- 
te tate buffer (pH 5.6) in a dialyzing bag. The bag was closed and placed 
he in a buffered solution (1.0 mM acetate, pH 5.6) containing 50 mg. of ascorbic 
ad acid per ml. Oxygen was bubbled through the dialyzing medium for 3 
hours at room temperature in such a way as to keep the dialysis bag con- 
he tinually in motion. Dialysis was then initiated against 0.1 mM acetate 
u- buffer (pH 5.6) and continued for 3 days with frequent changes of the 
er buffer. At the end of this time, the protein solution within the bag pos- 
he sessed no detectable enzyme activity and contained no ascorbic acid. 
.S- Measurement of Copper Content—The copper contents of the various 


enzyme samples and column effluents were determined manometrically in 
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quartz flasks by the cysteine oxidation method of Warburg and Krebs 
(6). A blank run on all the reagents indicated that the total copper con- 
tamination was less than 0.01 y per ml. Duplicate determinations and 
blanks were run in all cases. It was found, in a series of seven trial runs 
with a standard solution of copper sulfate containing 1.0 y per ml., that a 
precision of better than +5 per cent could be achieved. 

Measurement of Protein Content—The method of dry weights was em- 
ployed for estimating the protein content (7). In the case of the highly 
purified enzyme preparations which precipitate on dialysis against distilled 
water, the dialysis was carried out against a buffered salt solution. 


Results 


In order that measurements, made on the enzyme effluents from the 
resin columns, could be compared to those of the enzymes not passed 
through the columns, the procedure adopted throughout this investigation 
was to pass a known volume of the enzyme solution (usually 1 ml.) 
through the column and catch the effluent in a volumetric flask of a capac- 
ity not less than 10 times the initial volume of the enzyme solution used. 
The column was then rinsed with water until the volumetric flask was 
filled to its mark. Since the dilution factor was thus known, the measured 
values of activity and copper content, when multiplied by the dilution 
factor, gave values in terms of those for the original undiluted enzyme. 
These are the values reported in Tables IT and III. 

The original enzymes which were not passed through the columns were 
diluted in the same manner as those which had been passed. Similar 
determinations were then made on the diluted solutions. These values 
are also expressed in Tables II and III in terms of the original undiluted 
enzyme. 

All of the experiments on the resin column were conducted at room 
temperature. 

Compatibility of Enzyme and Resin—Since ascorbic acid oxidase from 
squash has the solubility characteristics of a globulin (1), a solution of 
the enzyme in 0.1 m sodium acetate-0.1 m acetic acid buffer at pH 5.6 was 
used in all the experiments. This pH was selected because it is close to 
that at which the enzyme is found naturally, and it is also the pH of op- 
timum activity (1). At pH 5.6, ascorbic acid oxidase is slightly above 
its isoelectric point (2). 

Control experiments with several different samples of ascorbic acid oxi- 
dase, of varying copper content and activity, revealed that passage of 
the enzyme through the column under the above conditions resulted in 
no loss in activity or copper content. 

Separation of Extraneous Ionic Copper—To test the efficiency of the 
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‘bs resin column in removing traces of extraneous ionic copper from ascorbic 
yn- acid oxidase solutions, and to determine whether this extraneous ionic 
nd | copper had any deleterious effect on the enzyme activity, the following 
ins experiments were carried out. To the enzyme solutions, dialyzed against 
t a | copper-free buffer (0.1 mM acetate, pH 5.6) for at least 1 week, was added 
an equal volume of a similarly buffered solution containing cupric ions. 
m- | These mixtures were allowed to stand at 0-5° for varying periods of time 
ily | before being passed through the column. The results are recorded in 
led | Table II. 
It will be noted that, under the experimental conditions employed, (1) 
the added ionic copper was quantitatively removed by the column, and 


Tas_eE II 
he Removal of Extraneous Ionic Copper from Ascorbic Acid Oxidase Solutions 
ed The activities and copper contents listed below are those of the enzyme solutions 
on before adding extraneous cupric ions and after passage of the mixtures through the 
1.) ion exchange column. 









































AC- | : 
xd. | Enzyme No. a — ew Perea Po cule bones we 
ras | Activity Cu content passsee Activity Cu content 
ed —_ | units per ml.| y per ml. ¥ hrs. units per ml.| y per ml. 
on ? * | 570 2.0 20 1 580 2.1 
ios 1 | 850 2.6 26 20 875 2.5 
2 1780 3.6 36 1 1820 3.5 
as 3 | 3040 4.5 | 4.5 1 3070 4.5 
lar * An uncharacterized sample of enzyme that was not used for further work. 
Ae (2) the activity of the enzyme was not impaired either by contact with 
ed the extraneous ionic copper or by the process of its removal. 
Copper of Reaction-Inactivated Ascorbic Acid Oxidase—One of the most 
- striking features of the aerobic oxidation of ascorbic acid as catalyzed by 
the enzyme ascorbic acid oxidase is the simultaneous rapid inactivation of 
pci the enzyme. This striking reaction inactivation, different in character 
of from an inactivation brought about by the denaturation of the protein 
0d by heat, shaking, etc. (8), has suggested that the enzyme may irreversibly 
to lose its copper during the catalytic process and thereby become inactive. 
i For this reason, it was essential to determine the fate of the copper of the 
” reaction-inactivated ascorbic acid oxidase before undertaking any ex- 
. change experiments between the enzyme and radiocopper in the presence 
za and absence of its substrate. It was also necessary to know whether con- 
0 


tact of the substrate itself with the enzyme, without a reaction occurring 
(in an inert atmosphere), would sever the linkage between the copper and 
the protein, possibly by changing the valence state of the copper. 
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Resin Column Experiments—The enzyme (1.0 ml. of Enzyme 1, in 0.1|;he copp 
M acetate buffer, pH 5.6) and substrate (1.0 ml. containing 50 mg. of as-| pot an 
corbic acid in 1.0 M acetate buffer, pH 5.6) were placed in side arms B and| yas emp 
A respectively of the resin column (Fig. 1) and the system was evacuated. | yas obse 


In order to study the system under conditions of reaction inactivation] make it : 
(enzymatic oxidation occurring), oxygen was admitted under slight pos- protein 





itive pressure (from the balloon), and the contents of the two side arms| trogen a 
were dumped together and allowed to react with occasional swirling of| cguse a 
the reaction mixture. After 5 minutes of reaction, the system was evacu-|yvme fr 





























TABLE III state 18 | 

Retention of Copper of Inactivated Ascorbic Acid Oxidase The a 

The activities and copper contents listed below are those of the enzyme before from. th 
adding substrate and after passage of the mixture through the ion exchange column. which w 
Before After there - 

Atmosphere peek ee ee 5 erm et 
Activity Cu content Activity Cu content Dialy 

units per "ae y per ml. units per ml. y per ml. added 2 

N: 850 2.6 555* 2.5 of ionic 

O, 850 2.6 24 2.6 acetate 

de 850 ie = 7” 8 2.5 the sam 

is — | At vari 














* Since ascorbic acid oxidase rapidly catalyzes the oxidation of ascorbic acid on tents V 
coming in contact with air after leaving the column, and in so doing becomes inacti- | from F 
vated, this figure had to be obtained indirectly, with special precautions to minimize | of the 
the time of contact between enzyme and substrate while in the presence of air. | Afte 
Comparable experiments with tyrosinase and ascorbic acid lead to the belief that the) .~. 
40 per cent loss in activity is due largely to a direct action of a high concentration of signific 
ascorbic acid on the enzyme rather than to reaction inactivation during the short larly | 
period involved. , acid p 


ated for 5 minutes, and then refilled with oxygen. This process was re-| PrOCe® 
peated five times, requiring about 1 hour, so that oxygen was supplied to “227™ 
the enzyme-substrate system without undue effects of surface denatura-| at refi 
tion. The mixture was then run through the Amberlite column. twice 

In order to study the system under an inert atmosphere (no oxidation 0 aa 
reaction), the enzyme and substrate solutions (each previously bubbled 
with nitrogen) were placed in the side arms and the system was evacuated. 
Nitrogen was then admitted under slight positive pressure, and the enzyme [| yees " 


agains 


and substrate were mixed. After the mixture was subjected to a series of | ™ Fi 
evacuations and fillings with nitrogen in a manner similar to the oxygen | ©9497 


experiment, it was allowed to pass through the resin column. Alt 
The results of these experiments (see Table III) reveal that the copper activ 


content of the effluent protein solutions do not differ significantly from ; i 
utio 
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in 0.1 the copper content of the influent enzyme solutions, regardless of whether 
of as- or not an oxidation reaction was permitted. When an oxygen atmosphere 
B and|yas employed (reaction permitted), a marked inactivation of the enzyme 
uated.| yas observed, but there was no decrease in copper content. These results 
vation| make it appear unlikely that copper is detached in an ionic form from the 
¢ pos-| protein as a result of reaction inactivation. The experiment under a ni- 
arms) trogen atmosphere likewise indicates that ascorbic acid itself does not 
Mg of| cause a loss of copper; 7.e., if ascorbic acid reduces the copper of the en- 
‘Vacu-|yme from the divalent to the monovalent state, the reduced valence 
state is also not removed from the protein by the column. 

The above results do not preclude the possibility of a loss of the copper 
before |{tom the enzyme in some non-ionic form, such as an organic complex 
lumn,| which would not be subject to cation exchange. What is indicated is that 
there is no significant amount of irreversible dissociation of ionic copper 
_____| from either the inactivated or the unchanged enzyme. 
se Dialysis Experiment—To each of several Visking dialyzing bags were 
. | added 2.0 ml. of Enzyme 3 and 1.0 ml. of a solution containing an amount 
of ionic copper equal to the copper content of the enzyme, both in 0.1 m 
acetate buffer, pH 5.6. The dialysis was carried out against 500 ml. of 
the same buffer at 0-5°. The dialyzing medium was changed twice daily. 
___, At various times (see Fig. 2), a dialyzing bag was withdrawn and the con- 
id on tents were analyzed for copper and enzyme activity. As may be seen 
nacti-| from Fig. 2, the added ionic copper was removed completely by the end 
imize | of the 4th day of dialysis. 
ihe “# After continuing the dialysis for 2 weeks, during which there was no 
on of Significant loss in activity, dialysis was begun against 500 ml. of a simi- 
short larly buffered solution of ascorbic acid, containing 2.5 mg. of ascorbic 
_acid per ml. The dialysis against the substrate solution was allowed to 

proceed at room temperature for 6 hours daily in order to promote the 

enzymatic oxidation. During the remainder of the time, the dialysis was 
at refrigerator temperatures (0-5°). The dialyzing medium was changed 

twice daily during the 6 hour period, which proved to be sufficient 
tion  '© Maintain an excess of ascorbic acid at all times. 
bleq At the end of the Ist, 3rd, and 7th days (after initiating the dialysis 

against ascorbic acid) a dialysis bag was withdrawn and opened, and anal- 
| yses were made for copper and enzyme activity. The results are plotted 
in Fig. 2, along with those for a control; 7.e., an aliquot of the original 
enzyme solution dialyzed against buffer only. 

Although the enzyme activity dropped sharply owing to reaction in- 
activation after dialysis against its substrate was initiated (Fig. 2, A), 
it may be noted from Fig. 2, B that the copper content of the enzyme so- 
lution remained constant at 4.5 + 0.2 y per ml. The failure to observe a 
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decrease in copper content during a week of dialysis, while enzyme ra “atalysi 
action and inactivation were proceeding, makes it clear that there was n\ substrat 
detachment of copper in an ionic or any other dialyzable form during th | against 
reaction inactivation of the enzyme. ‘These results fully support and ey gation 
tend the conclusions drawn from the resin column experiments describe| U2der P 
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Fic. 2. Showing the variation in activity (A) and copper content (B) of alt 
ascorbic acid oxidase solution, containing originally an amount of cupric sean 
(added) equivalent to the copper content of the enzyme, when dialyzed for 2 weeks 
against 0.1 m acetate buffer, pH 5.6, and then for 1 week against an ascorbic acid. . 
solution containing 2.5 mg. per ml. in 0.1 m acetate buffer, pH 5.6. O, after dialysis;| titatis 


/ 


@, after passing through an Amberlite column; A, control. Tt has 
| meast 
DISCUSSION | sults 


Non-Dissociable Nature of Copper-Protein Bond—Recently, Lampitt and dialyz 
Clayson (9) have postulated that the catalytic activity of ascorbic acid| other 
oxidase may be attributed to traces of ionic copper resulting from an ioni-| 2. | 
zation of copper bound to non-specific protein matter such as the| physi 
following: 


enzy! 
Cu-protein = Cut* + protein™ of iin 
oxida 

In order to account for the marked catalytic activity of ascorbic acid oxi- 3. 
dase in these terms, it is a necessary corollary that this equilibrium be actio: 
very rapidly attainable, 7.e., mobile. not | 
Previous work, particularly the observations that ascorbic acid oxidase other 





XUM 


M. JOSELOW AND C. R. DAWSON 9 


me re catalysis and cupric ion catalysis differ greatly with respect to rate (10), 


Was 0 
ng th 


substrate specificity (11-13), and oxygen consumption (14, 15), argues 
| against the above hypothesis. As described above, the present investi- 


nd ex, gation supplies several new points of evidence in support of the view that, 
cribe| under physiological conditions of pH, the bond between copper and pro- 


tein in the enzyme ascorbic acid oxidase is of a specific and non-dissociable 
nature. 

Reaction-Inactivated Copper Oxidases—The observation that the reaction 
inactivation of ascorbic acid oxidase is not accompanied by a loss of cop- 
per from the protein is of special interest and significance, for a similar 
rapid reaction inactivation is observed with other purified copper-protein 
oxidases, such as mushroom tyrosinase (16) and the oxidase of the sweet 
potato (17). All of the available evidence indicates that the marked re- 
action inactivation which is characteristic of these oxidases is not due to 
any products formed during the various oxidation reactions. As a result, 
it has seemed likely that the inactivation might be due to some unknown 
structural modification in the protein occurring during its catalytic func- 
tion. 

Although such an interpretation is still very plausible, it is clear from 
the above results that, in the case of ascorbic acid oxidase, any structural 
modification that may be responsible for the inactivation does not cause 
the liberation of ionic copper from the protein. Nothing is known at the 
present time in regard to the fate of the copper during the reaction in- 
activation of the other copper oxidases. 





of an] 

¢ ions| SUMMARY 

weeks ‘ ; 

mee a A cation exchange column has been applied successfully to the quan- 


lysis titative separation of ionic copper from solutions of ascorbic acid oxidase. 


t and 
acid! 


It has been shown that such a separation can be effected without any 
' measurable damage to the activity of the enzyme. In view of these re- 
sults it seems likely that ion exchange columns, rather than extended 
dialyzing procedures, can be used for the removal of ionic impurities from 
other enzymes. 


ioni-- 2. Evidence has been presented to support the premise that, under 


the 


1 oxi- 
m be 


idase 


physiological conditions, the bond between the copper and protein in the 
enzyme is non-dissociable, and differs in this respect from whatever type 
of linkage may result, if any, when ionic copper is added to ascorbic acid 
oxidase. 

3. The inactivation of ascorbic acid oxidase occurring during catalytic 
action has been confirmed. It has been shown that this inactivation can- 
not be attributed to the loss of copper from the enzyme in an ionic or 
other dialyzable form. 
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THE COPPER OF ASCORBIC ACID OXIDASE 
EXCHANGE STUDIES WITH RADIOACTIVE COPPER* 


By MORRIS JOSELOWt anp CHARLES R. DAWSON{ 
(From the Department of Chemistry, Columbia University, New York, New York) 


(Received for publication, December 28, 1950) 


As pointed out in the preceding paper (1), little is known at the present 
time concerning either the nature of the copper-protein bond in the en- 
zyme ascorbic acid oxidase, or the function of the copper in catalytic proc- 
esses involving the enzyme. 

A new experimental approach to this problem presents itself in the ap- 
plication of a radioactive isotope of copper to the study of exchange re- 
actions between the copper of the enzyme and ionic copper. Considering 
ascorbic acid oxidase as a copper complex, designated simply as Cu pro- 
tein, such an exchange reaction can be written as follows, in which the 
asterisk denotes radioactivity: 


Cu-protein + *Cu*+ = *Cu-protein + Cut+ 


No investigations of this sort have previously been reported for the cop- 
per proteins. However, several workers (2-4) have carried out exchange 
experiments between certain radioactive metal ions and corresponding 


organometallic complexes. Such experiments have yielded important in- 


formation concerning the bond type and other structural features of the 
organometallic complexes. For example, Johnson and Hall (4), in their 
investigations of the exchange between radioactive nickelous ions and a 
series of certain nickel complexes, found a satisfactory correlation between 
bond type and the occurrence of the exchange phenomenon. They ob- 
served that the “strong” covalently bound nickel complexes, i.e. those 
which were considered to have the square coplanar configuration for the 
directed valences of the central metal atom, did not exchange. The 
“weak” covalent complexes, i.e. those with a tetrahedral configuration, 
rapidly exchanged their nickel with radioactive nickel ions in solution. 

As a result of his experimental work, Daudel (5) postulated that the 
following equilibrium between cuprous and cupric ions is very rapid. 

Cut + *Cut* = *Cut + Cut 


* Supported in part by a grant from the Division of Research Grants and Fellow- 
ships of the National Institutes of Health, United States Public Health Service. 

+ This paper is from the doctoral dissertation of Morris Joselow, Columbia Uni- 
versity, 1949. 

t With the technical assistance of Stanley Lewis. 
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Such an equilibrium infers that, if both cuprous and cupric ions are pres- 
ent in solution, the radioactivity cannot be localized at either ion, regard. 
less of which one is initially tagged. In this sense, both ions are radio- 
chemically equivalent. 

Special Requirements—The use of a radioactive isotope of copper with | 
the enzyme ascorbic acid oxidase made necessary three special considera- 
tions. (1) The radioactive copper could not by its own emanations cause 
any damage to the activity of the enzyme. (In this investigation, Cu®,. 
emitting B~ and 6* particles of 0.58 and 0.66 m.e.v., respectively (6), was 
used). (2) Because of the relatively short half life of Cu® (12.8 hours) 
(7), the entire exchange study had to be designed for completion in a short | 
time. (3) A rapid and quantitative separation of the protein from the 
ionic copper was necessary, in so far as both the removal of ionic copper 
and the recovery of the enzyme were concerned. 

The last two requirements posed a problem in technique which was 
solved by the use of an ion exchange resin, Amberlite IR-100, analytical 
reagent. The preliminary experiments with this resin and the enzyme | 
have been previously described (1). It seemed advisable, however, to 
test further the effectiveness of the resin in removing traces of ionic copper | 
from protein matter by using radioactivity measurements as a criterion of | 
removal of radiocopper from synthetic mixtures of radioactive cupric ions 
and non-enzymatic protein material. The results of this experiment and 
a number of exchange experiments involving radioactive cupric ions and 
ascorbic acid oxidase are described below. In no case was any damage to 
the activity of the enzyme observed as the result of contact with radio- | 
active copper. 


! 


EXPERIMENTAL 


Ion Exchange Columns, Resins, and Enzyme—The ion exchange column, 
resin, and active and reaction-inactivated ascorbic acid oxidase prepara- 
tions used in this investigation were the same as those whose preparation, 
properties, and use have been described in detail in the preceding paper 
(1). Likewise, the methods employed for measuring the copper and pro- 
tein content and activity of the enzyme were the same as those previously 
described (1). 

Radioactive Copper—The radioactive copper solution (cupric nitrate) 
was prepared in the usual manner after deuteron bombardment of a cop- 
per target in the Columbia cyclotron. Depending on the length of bom- 
bardment, the amount of radioactivity obtained ranged from 2.5 me. to 
50 ue. 

Counting Procedure—For the process of counting, an end window 
counter of a copper wall type, with a thin mica window, was used. The 
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tube was enclosed in a thick lead house and had a background of 15 to 20 
counts per minute. A scale of 64 circuit and a mechanical recorder were 
used.. Constancy of the tube was frequently checked with a standard 
source. The samples to be counted were evaporated to dryness in the 
center well of aluminum plates carefully designed to fit the counter. De- 
tails concerning these plates and their use are available elsewhere (8). 

All counts were corrected for coincidence,! when necessary, background, 
decay, and relative geometry. 

Other Materials—Dehydroascorbie acid was prepared (9) from ascorbic 
acid (Merck and Company). Analysis was made for dehydroascorbic 
acid by reducing it to ascorbic acid with hydrogen sulfide, removing the 
hydrogen sulfide with nitrogen (10), and titrating the ascorbic acid (11). 
The blanks were satisfactory. 

Gelatin (Eimer and Amend) and egg albumin (Mallinckrodt) were used 
as received from the manufacturers. 


Results 


Efficiency of Resin Column As Judged by Radioactivity Measurements— 
Two protein solutions were made up to contain 3 mg. per ml. of protein 
matter in 0.1 mM acetate buffer, pH 5.6. In one case gelatin was used, and 
in the other egg albumin. To each of these solutions were added 10 y of 
radioactive copper in a similarly buffered solution. After contact with 
the radiocopper for about 20 hours, the solutions were passed through an 
ion exchange column. Counts for radioactivity, made on the effluents, 
revealed that the column had removed all of the radiocopper from both 
the gelatin and albumin solutions. These results confirm the previous 
findings (1) as to the usefulness of the resin column in removing traces of 
ionic copper from protein solutions. They reveal that extraneous ionic 
copper can be thus removed from non-copper proteins as well as from 
copper proteins. 

Exchange Studies with Ascorbic Acid Oxidase—Having established that 
an Amberlite column could be used for the rapid and quantitative re- 
moval of traces of ionic copper from ascorbic acid oxidase solutions with- 
out damage to the latter, we set up experiments to test the possibility of 
exchange between radioactive copper ions and (1) ascorbic acid oxidase, 
(2) ascorbic acid oxidase while catalyzing the oxidation of its substrate, 
(3) ascorbic acid oxidase while in contact with its substrate without re- 
action (under an inert atmosphere), and (4) reaction-inactivated ascorbic 
acid oxidase. 

All experiments were run at room temperature in acetate buffer at pH 


1The coincidence correction factor was determined by J. Silverman of this De- 
partment. 
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5.6. The general procedure was as follows: 1 or 2 ml. samples of the con- 
centrated enzyme solutions and a buffered solution of radiocopper con- 
taining an amount of copper equal to that in the enzyme were allowed to 
remain in contact with each other under the above conditions. After a 
suitable period, a separation of the ionic copper was effected by use of an 


Amberlite column. On an aliquot of the effluent which was always run | 


into a volumetric flask, a measurement for radioactivity was made as in- 
dicated in the experimental section. 


As part of each experiment, a radioactivity count was always taken on 


a “comparison standard” which was made as follows: A dummy run, 7.e. 
an enzyme-ionic copper mixture exactly as above except with normal 
copper rather than radiocopper, was passed through the resin column into 
a volumetric flask containing an amount of radiocopper equal to that 
which had been added to the enzyme used in the exchange experiment. 
The comparison standard thus made had essentially the same composi- 
tion as the solution of the actual run, duplicating closely both the protein 
and salt concentration, including even the Nat ions displaced from the 
resin column. Its radioactivity represented the total amount introduced 
in the exchange experiment. 

The copper content of the recovered enzyme (whose radioactivity was 
measured) was always found equal to the copper content of the original 
enzyme, and, therefore, equal to the amount of radiocopper used in the 
preparation of the comparison standard (see Tables I and II). Under 
these conditions, if there were complete exchange, 7.e. a complete random 
distribution of the total added radioactivity between the enzyme copper 
and the ionic copper, the radioactivity of the recovered enzyme would be 
one-half of the total radioactivity or, which is the same thing, one-half of 
the radioactivity of the comparison standard. Thus the fraction of ex- 
change which had taken place was calculated by multiplying by 2 the ratio 
of the radioactivity of the recovered enzyme to the radioactivity of the 
comparison standard. 

Ascorbic Acid Oxidase and Cu“—Samples of Enzymes 1, 2, and 4 were 
allowed to remain in contact with ionic radioactive copper for periods of 
1 to 16 hours before separation from the ionic copper by means of an Am- 
berlite column. From the data in Table I, it can be seen that, under the 
experimental conditions, no radioactivity was found in the ascorbic acid 
oxidase effluents. It may therefore be concluded that no significant 
amount of exchange occurred during the period of time tested. Further- 
more, the copper radiations caused no damage to the enzyme; 7.e., there 
was no significant loss in activity. The maximum amount of radioactiv- 
ity to which the enzyme was exposed was about 30 ue. 
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Ascorbic Acid Oxidase, Ascorbic Acid, and Cu*—The possibility of an 
exchange reaction occurring between the copper of ascorbic acid oxidase 
and ionic radiocopper while the enzyme was catalyzing the aerobic oxida- 
tion of ascorbic acid was investigated. In these experiments, the enzyme, 
radiocopper, and ascorbic acid were mixed and exposed to oxygen. After 
a suitable period of enzymatic oxidation, the extraneous ionic copper was 
removed by passing the system through an Amberlite column such as that 
diagrammed in Fig. 1 of the preceding paper (1). 

The enzyme and an amount of radiocopper equal to that contained by 
the enzyme were kept in side arm B, and an ascorbic acid solution was 


TaBLE | 
Ascorbic Acid Oxidase and Cu* 
The activities and copper contents listed below are those of the enzyme prepara- 
tions before adding extraneous radioactive cupric ions and after passage of the mix- 
tures through the resin columns. 


























| Bef Ti f - Aft Radioactivi 
paiaa __ efore Cus added, tact befor er adioactivity 
se ica bee Cc Oxi M acetate ome 4 | ‘ 
,; Oxidase buffer throug Cu Oxidase | Enzyme |Comparison 
| content | activity column content | activity effluent standard* 
ly per ml. ar ad ” hrs. per ml. — c.p.m. c.p.m. 
1 (mi) | 2:6 850 5.2 16 2.5 840 OT 315 + 9 
2(1*)| 3.6 | 1790 | 3.6 1 | 3.6 | 1730 | 2-42 less + 12 
ya | aun) | 6.4 | 4530 6.4 1 6.5 4670 OT 450 + 7 











* The differences in the specific activity of the standards are due to the fact that 
these experiments were all done on different occasions with different preparations 
of radioactive copper. 

+ The observed count was less than the standard error of the count (+2). 


introduced into side arm A. After evacuating the system by means of a 
water pump, oxygen was admitted, and the contents of the two side arms 
were dumped together. After the flushing and evacuation procedure pre- 
viously described (1), a process requiring about an hour, the mixture was 
passed through the Amberlite column. 

The possibility of an exchange occurring without enzymatic function 
was also tested by exposing the enzyme to substrate and radiocopper 
under an inert atmosphere (nitrogen) for a suitable period prior to remov- 
ing the ionic copper. The only difference between these experiments and 
those just described was that nitrogen instead of oxygen was used. 

Analyses were made on the effluents for radioactivity, enzyme activity, 
and copper content. The data in Table II show the results of such ex- 
periments on three different enzyme preparations performed on three 
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separate occasions.? From these data, it may be seen that (1) a significant 
exchange was observed with all enzyme preparations when a reaction was 
permitted under an oxygen atmosphere; (2) a very much smaller and 
probably insignificant extent of exchange was observed when the enzymes 


Tase II 
Ascorbic Acid Oxidase, Ascorbic Acid, and Cu* 


The aetivities and copper contents listed below are those of the enzymes before 
adding extraneous radiocopper and ascorbic acid and after passage of the mixtures 
through the resin columns. 




















Before : After Radioactivity | 
2 Ascorbic Cut | 
s acid added, | added, in kaos E 
Enzyme No. a in 2 ml. uw |1 ml. 0.1 c Com- Pn 

° Cu Oxidase} acetate (mM acetate u| Oxidase Enzyme | parison | ee 
& | content |activity} buffer buffer a activity | effluent | stand- 
< ws ard 

ly per ml. Pine mg. ¥ ¥ ar Pom | c.p.m. | ¢.p.m. = cent 


1 (2 ml.) | O, 2.6 850 50 522) |)255 23 | 273 1613 | 34 
+7 |+418 |} +3 
Ne 2.6 850 50 56.2 | 2.5] 555* | 46 1613 | 6 
+4 /)/ +18) +1 
2 (1 mi.) | Oz 3.6 | 1780 100 3.6 | 3.3 35 46 306 | 30 
+2) +6] +2 
cee (9 (56 | (32 
+2) +3)] +46) 
N2 3.6 | 1780 100 3.6 | 3.7 | 1160* 8 684 | 2 
42/412] +1 
4 (1 ml.) | O2 6.4 | 4530 100 6.4 16.3] 285 14 100 | 27 
+1 +3 +2 
Nz | 6.4 | 4530 100 6.4 | 6.3 | 2950* 1 100 | 3 
+1] +3] +1 



































* These values could be obtained only indirectly, as described in the foot-note 
to Table III of the preceding paper (1). 

t An aliquot of the effluent from the experiment under oxygen was repassed 
through another fresh resin column of the same length as the original. Counts on 
the effluent from the repassage are recorded in parentheses. The fact that the 
percentage exchange did not change significantly confirms the non-dissociable nature 
of the exchanged copper. 


and ascorbic acid were held together without reaction under nitrogen; (3) 
there was no measurable change in the copper content of the enzyme 
proteins whether or not reaction was permitted. 


* The procedure described above was followed in all cases, except in working 
under an oxygen atmosphere with Enzyme 1. In this case, all the components of 
the reaction were mixed in a 15 ml. vacuum flask; then the mixture was subjected to 
successive evacuations and flushings before being passed through a simple exchange 
column, 
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cant ‘It may be noted further, from the data of Table II, that in each case 
was " in which enzymatic function was permitted (oxygen atmosphere), a major 
and | portion of the oxidase activity was lost. This observation corroborates 
mes those of earlier workers in this laboratory (1, 12, 13); z.e., during the en- 
zymatic oxidation of ascorbic acid, the enzyme rapidly becomes inacti- 
| vated. 
fore In all cases in which such inactivation was observed, not all of the as- 
ures | corbic acid present was completely oxidized, as judged by titration of the 
effluents. The fact that small amounts of enzyme activity were also re- 
covered implies that the enzymatic catalysis was going on continuously 
i throughout the whole course of the experiment under oxygen. By anal- 
ange | ogy with observations made in manometric measurements, however, it is 
very likely that the bulk of the oxidation of ascorbic acid and inactivation 
of the enzyme occurred during the first few minutes of contact between 
cent | the enzyme and substrate. 





4 Components of Reaction Mixture and Cu*—The principal substances 
+3 | present in a reaction mixture in which the enzymatic oxidation of ascorbic 
5 "acid has occurred are ascorbic acid, dehydroascorbic acid, active ascorbic 
+ | acid oxidase, and reaction-inactivated ascorbic acid oxidase. It has pre- 
+2. viously been shown (Table I) that active ascorbic acid oxidase by itself 
2 does not undergo exchange with radioactive copper. In order to deter- 
+6) | mine whether or not any of the other components of the reaction mixture 
2 might be responsible for the observed exchange (Table II), each of these 
~ substances and mixtures of them was subjected to contact with, and sepa- 
+2 | ration from, ionic radioactive copper under conditions similar to those of 
the experiments referred to in Table II. Also tested for exchange were 
£1 two synthetic mixtures of radiocopper ions and inert protein, made up as 
— before and allowed to remain in contact with ascorbic acid for about 20 


hours. These latter two experiments, as well as the experiment involving 
sed  & mixture of ascorbic acid and inactivated ascorbic acid oxidase, were 
-on performed to determine whether any effect induced by ascorbic acid on 
the | inert protein might be responsible for the exchange phenomenon. 
— The results revealed that in no case was any significant radioactivity 
noted in the effluents. It may therefore be concluded that the exchange 
(3) | observed during the reaction and inactivation of ascorbic acid oxidase can- 
me not. be attributed to any of the following: (1) ascorbic acid, (2) dehydro- 
ascorbic acid (or its decomposition products), (3) inactivated ascorbic acid 
ing Oxidase, (4) a mixture of inactivated ascorbic acid oxidase and ascorbic 
;of | acid, (5) a mixture of inactivated ascorbic acid oxidase and dehydroas- 
ito corbie acid, (6) a mixture of active ascorbic acid oxidase and dehydroas- 
“ge corbie acid, (7) mixtures of ascorbic acid and inert protein. 
In view of the failure of the above to reveal any radioactivity after sep- 





| 
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aration from ionic copper, and the similar lack of radioactivity shown in pears — 
the nitrogen experiments (Table II), it appears logical to associate the withou 
exchange phenomenon with the enzymatic catalysis of the oxidation of been c 
ascorbic acid. Well 


comple 
DISCUSSION 4, hav. 


In the previous paper (1) data were presented in support of the view CPP 
that the copper-protein bond of ascorbic acid oxidase is non-dissociable, the ty 
This view is contradictory to that of Lampitt and Clayson (14) who have hedral 
suggested that the catalytic activity of ascorbic acid oxidase may be at- bonds 
tributed to traces of ionic copper resulting from an ionization of copper | A ” 
bound to non-specific protein matter or other colloidal material; i.c., Cu. *°H08 
protein = Cut*+ + protein”. the ec 

The failure to observe an exchange phenomenon between radioactive | weake 
copper ions and ascorbic acid oxidase (Table I) is, in the writers’ opinion, | the P* 
the strongest argument yet advanced pointing to the non-dissociable na- hance 
ture of the copper-protein bond in the resting enzyme. If there were a, Wen 
mobile equilibrium between ascorbic acid oxidase, ionic copper, and pro- dase r 
tein, such as pictured above, some radiocopper should be incorporated! the & 
into the enzyme molecule. No such incorporation of radioactivity was , makin 
observed. — Iti 

Mainly because of the lack of an adequate theoretical basis for con-| Wil m 
sidering ascorbic acid oxidase action, any interpretation of the exchange and ¢ 
observed as a result of enzymatic catalysis must remain almost entirely °2V™ 
speculative. An additional complicating factor is the observation that' 8 V 
enzymatic inactivation occurs concurrently with the oxidative process, oxida: 
making it impossible to decide, from the present data, whether the ex- 
change is due to enzyme inactivation or enzyme action, or both. ) 

As pointed out in the previous paper (1), it is conceivable that the en- of asc 
zyme may become inactive by some structural rearrangements of the pro- as th 
tein occurring during the catalytic process. During such rearrangements 2. 
the enzyme copper may become more accessible to contact with and dis- either 
placement by radiocopper. The fact that the copper of the fully inacti- serve 
vated enzyme does not exchange does not negate this possibility, since in th 
such conditions favorable to exchange may exist only during the inacti- 3. 
vation process. strate 

An equally attractive explanation of the observed exchange can be de-  catal: 
veloped on the basis of enzyme activity rather than enzyme inactivation| 4. 
if it is assumed that (1) the copper of ascorbic acid oxidase is initially in| zyme 
the divalent state; (2) during enzymatic catalysis, the copper of ascorbic syste 
acid oxidase shuttles reversibly between the divalent and monovalent _ 5. 
states; (3) the exchange occurs only when the copper of the enzyme ap-  vatio 
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pears in the monovalent state. These assumptions are not altogether 
without justification and their supporting evidence and implications have 
been considered elsewhere (15). 

Wells (16) considers that the usual, possibly the only, type of covalent 
complex formed by divalent copper is one with a coordination number of 


_ 4, having a square coplanar configuration for the directed valences of the 


copper atom. For convalent Cu’, with a similar coordination number, 
the type of complex formed, such as is found in Cu(CN),", has a tetra- 
hedral configuration. With respect to bond strength, the square coplanar 
bonds are considered to be much stronger than the tetrahedral bonds (17). 

A reversible shift, Cu’! = Cu!, assumed as occurring during enzymatic 
action, implies that, at the site of attachment of the copper to the protein, 
the copper bond may change from a strong coplanar configuration to a 
weaker, tetrahedral one. With this change to a weaker type of linkage 
the possibility of an exchange with radioactive copper is accordingly en- 
hanced. A further implication of such a transformation may be of conse- 
quence. It is conceivable that the protein structure of ascorbic acid oxi- 
dase may not be able to accommodate easily the change in bond angle of 
the copper, thereby straining the bonds, further weakening them, and 
making exchange still more probable. 

It is hoped that experimental work now in progress in these laboratories 
will make possible an evaluation of the relative réles of enzyme activity 
and enzyme inactivation in the exchange reaction between the copper- 
enzyme and radioactive cupric ions. Such studies show promise of yield- 
ing valuable information concerning the mechanism of action of the copper 
oxidases. 

SUMMARY 


1. The possibility of an isotope exchange reaction between the copper 
of ascorbic acid oxidase and ionic copper has been investigated, with Cu™ 
as the tracer. 

2. Under the experimental conditions, no exchange of the copper of 
either the resting enzyme or the reaction inactivated enzyme was ob- 
served. These observations confirm the view that the copper-protein bond 
in the resting enzyme is of a non-dissociable nature. 

3. No significant exchange was observed when the enzyme and sub- 
strate were exposed to radioactive cupric ions in an inert atmosphere (no 
catalytic reaction). 

4. A significant amount of exchange was observed only when the en- 
zyme was actively catalyzing the oxidation of ascorbic acid in an aerobic 
system. 

5. The implications of this exchange in terms of either enzyme inacti- 
vation or enzyme activity are briefly discussed. 


XUM 
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THE PURIFICATION AND THE AMINO ACID CONTENT OF 
VASOPRESSIN PREPARATIONS* 


By ROBERT A. TURNER,+t JOHN G. PIERCE, anp 
VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York, New York) 


(Received for publication, February 7, 1951) 


Since the discovery (1) of the pressor activity of extracts of the posterior 
lobe of the pituitary gland, many laboratories have investigated the frac- 
tionation of the extracts obtained from this gland. The physiological 
potency of various preparations, as well as the methods of fractionation 
employed, have already been reviewed in considerable detail (2-4). In 
the present paper we report a new method of purification of vasopressin! 
which has yielded preparations of high potency. A study of the amino 
acid composition of these preparations is also presented. 

Earlier investigations have shown the presence of certain amino acids 
in vasopressin preparations of high potency. In 1933 it was reported 
that a preparation having a potency of 200 units of pressor activity per 
mg. contained a relatively large amount of tyrosine and of sulfur (5). 
Later Irving, Dyer, and du Vigneaud (6), using electrophoretically pu- 
rified material, found that after preliminary purification the tyrosine and 
cystine content increased with the pressor potency. They obtained the 
values 9.9 per cent (tyrosine) and 11.2 per cent (cystine) in their most 
potent preparation (200 units per mg.). Stehle and Frazer (7) described 
preparations having a potency of 200 units per mg. which contained 9.5 
per cent tyrosine, 7.7 per cent cystine, and 8.9 per cent arginine. They 
reported that phenylalanine was lacking in their preparations, and that 
glutamic acid, aspartic acid, and leucine were probably lacking. Later, 
Stehle and Trister (8) reported the presence of proline and isoleucine in 
their preparations and the absence of tryptophan, glycine, histidine, and 
hydroxyproline. More recently Potts and Gallagher (9) reported a prep- 


*The authors wish to express their appreciation to the Lederle Laboratories 
Division, American Cyanamid Company, for a research grant which has aided 
greatly in this investigation. 

+ During part of the time that the investigation was in progress, Dr. Turner was 
a Fellow in Cancer Research of the American Cancer Society, sponsored by the 
Committee on Growth of the National Research Council. 

1 The pressor principle of the posterior lobe of the pituitary gland has been vari- 
ously called pitressin, 6-hypophamine, postlobin-V, and vasopressin. The last of 
these is used in the United States Pharmacopoeia, XIV, 1950, and will be used in 
the present paper. 
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Composi 
aration having a potency of 450 units per mg. which contained 11.9 per 
cent tyrosine, 19.0 per cent cystine, and 12.5 per cent arginine. 

The starting material (40 to 70 units per mg.) for the present investiga- 
tion was prepared from desiccated posterior pituitary glands by the pro- 
cedures of Kamm et al. (10) which effect partial separation of the pressor ee 
and oxytocic activities. alles 

Attempts to purify vasopressin further by means of chromatography Glutam 
on Amberlite IRC-50 (Rohm and Haas Company) did not lead to suffi. Asparti 
ciently satisfactory results. Some purification was also obtained by Slyeiné 
means of counter-current distribution with the solvent system water-sec- ee 


Th 








; ‘ lie Arginir 
butyl alcohol in the steel apparatus of Craig (11). The distribution con- | Cretin 
stant of the pressor activity in this system was found to be about 0.15. Leucin 


A preparation of vasopressin was then submitted to counter-current Valine 
distribution at 10-13° in the system sec-butyl alcohol and 0.05 per cent | Alanin 
aqueous acetic acid, with an all-glass distribution apparatus (12, 13). — 
The peak tubes contained material which had a potency of 200 units per Lysine 
mg. Hydrolysis of this material and analysis for amino acids by the} Histidi 
technique of Moore and Stein (14) revealed maxima at the positions for “—- 
the amino acids shown in Table I, Sample 1. The peaks at the pheny)- vi 


é ; F : : . 5 : ; Se 
alanine, tyrosine, proline, glutamic acid-alanine, aspartic acid, glycine, , - 0: 
arginine, and cystine positions represented considerably larger amounts of yas pr 
amino acids than the others. 3 was 


A more favorable distribution constant for counter-current purification counte 
was found with the system n-butyl alcohol and aqueous p-toluenesulfonic > ¥** 


acid. In this system, the distribution constant can be adjusted over a’ pit 
wide range of values by varying the acid concentration. A value of 0.10  gtarti: 
M for the acid gave rise to a distribution constant of about unity. and p 
A part of the material obtained in the sec-butyl alcohol-0.05 per cent tA 
acetic acid run, which possessed an activity of 95 units per mg., was then §T 
distributed in the all-glass apparatus in the n-butyl alcohol-p-toluenesul- wee 
fonic acid system. After 100 transfers, aliquots of alternate fractions were 
analyzed by the quantitative ninhydrin method of Moore and Stein (15). —— 
This showed a peak which proved to contain the pressor activity in the —__ 
neighborhood of Tube 55. The p-toluenesulfonic acid was removed from oe 


the contents of the peak tubes by passage through a column of Amberlite 
IR-4B. Lyophilization of the eluate yielded a residue having a pressor Proli 
activity of 300 units per mg. The major amino acid components, as shown  Gluts 
in Table I, Sample 5, were phenylalanine, tyrosine, proline, glutamic acid, | ASP 
ee : : ae ‘ Z ; Glyci 
aspartic acid, glycine, arginine, and cystine, and, in fact, their molar ra- 
tios, each to each, were approximately 1:1. The molar ratio of the am- 
monia present in the hydrolysate to any amino acid was about 3:1. From Cyst 
Table I it can be seen that only traces of other amino acids were present. | - = 
The molar ratios are given in Table II. 
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TABLE I[ 


Composition of Vasopressin Preparations As Determined by Chromatography on 
Starch Columns* 


The results are in mg. of constituent per mg. of unhydrolyzed material. 








Constituent Sample 1¢ | Sample 2f | Sample 3¢ | Sample 4¢ | Sample 5t | Sample 6f 
Phenylalanine.......... 0.051 0.098 0.029 0.110 0.103 0.114 
VIORWIC§: as sci esses 8 0.057 0.107 0.028 0.118 0.103 0.126 
BrOMnGs s.c-5 20s a ese 0.075 0.074 0.055 0.113 0.078 0.096 
Glutamic acid or alanine} 0.125 0.121 0.107 0.165 0.099 0.124 
Aspartic acid........... 0.051 0.077 0.036 0.095 0.084 0.106 
GIVING Satire ocean 0.033 0.051 0.035 0.064 0.051 0.060 
APNMONIS 5. 6s occ cn cee (OOS 0.028 0.013 0.031 0.037 0.036 
APCUAIIG hoes. 5 8.5 oe oeualet 0.059 0.108 0.027 0.118 0.108 0.129 
ONSUINO 3 2e seo micro so 0.073 0.115 0.025 0.129 0.134 0.149 


Leucine + isoleucine. ..| 0.011 0.025 0.031 0.025 0.005 0.007 
Valine + methionineft..} 0.010 0.029 0.019 0.022 0.003 0.006 


MOANING Sos 5666-8 e508 a3 0.00 0.00 
Threonine’: .,. 20 66 sso 0.008 0.014 0.012 0.013 0.00 0.00 
DOME oye) oo. csr ales eens 0.015 0.017 0.017 0.014 0.007 0.003 
WMP sc ero cre es eer 0.008 0.035 0.013 0.012 0.00 0.00 
IBICINO ©... 6.csa.s ott 0.00 0.014 0.003 0.00 0.00 0.00 























* Values are not corrected for ash or moisture contents. 

+ Sample 1 was prepared by counter-current distribution with sec-butyl alcohol 
and 0.05 per cent acetic acid (380 transfers); potency, 200 units per mg. Sample 2 
was prepared previously by electrophoresis (6); potency, 250 units per mg. Sample 
3 was commercial pitressin; potency, 40 units per mg. Sample 4 was prepared by 
counter-current distribution (eleven transfers); potency, 240 units per mg. Sample 
5 was prepared from material obtained in the distribution which yielded Sample 1. 
This was distributed with n-butyl alcohol and p-toluenesulfonic acid (100 transfers) ; 
potency of Sample 5, 300 units per mg. Sample 6 was prepared with Sample 4 as 
starting material. This was distributed through 100 transfers with n-butyl alcohol 
and p-toluenesulfonic acid; potency after lyophilization, 400 units per mg. 

t Approximate values because peak emerges close to that of tyrosine (14). 

§ These values are determined with the solvent system which separates alanine 
and glutamic acid (14). 








TaB_eE II 
Molar Ratios between Constituents of Purified Vasopressin Preparations* 
Constituent Sample 5 | Sample 6 
Phenylalanine .... ge eee ht 3 1.01 0.93 
EMRORUHOY! 353502025 irc > ene been we a ee 0.92 0.94 
127 Ga) | 0 Re ee ar eae rer are" 1.10 1.13 
NIGHCH BOLO os sag eee oie enn ans 1.09 1.14 
ISTNUIG? | 55 ONL av SINS PI ee 1.02 1.08 
CGH rs 6 facto. Vis os ee aes 1.09 1.09 
ATAMONIA. «2 605 Pc ak green See 3.52 2.97 
Arginine... MRO ec 1.00 1.00 
Cystine........ _ Ee Ps Ee 0.90 0.84 








* Arginine arbitrarily chosen as 1.00. 
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Samples of each of the eight amino acids mentioned above, together 
with ammonium chloride, were mixed in molar ratios approximating those 


found in the vasopressin sample and chromatographed on starch. <A plot. 


of the micromoles of amino acid against the fraction number gave a graph 


similar to that constructed from the chromatogram data of the vasopressin 


hydrolysate. 
We have also analyzed a sample of commercial vasopressin, “‘pitressin,” 
(approximately 40 units per mg.) and a sample of vasopressin obtained 


several years ago by means of electrophoretic purification (6), which, when | 


originally prepared, had an activity of 250 units per mg. The results are 


shown in Table I, Samples 3 and 2. It is clear that the eight amino acids 


which have now been found in the vasopressin samples prepared by 
counter-current distribution in the p-toluenesulfonic acid system were 


present in the electrophoretic preparation in amounts greater than those 


of the other amino acids present. 
On the basis of these preliminary experiments a procedure, which is 
described in the experimental section, was devised which made it possible 


to obtain larger amounts of highly potent material for further study. A 
product was obtained which had a potency of approximately 400 units | 


per mg. When this product was analyzed for amino acids, the eight 


amino acids previously cited were found to be present in molar ratios of 


approximately 1:1, together with about 3 moles of ammonia for 1 mole of 
any of the amino acids. Once again only traces of other amino acids were 
found. Qualitative tests were made which showed that tryptophan and 


hydroxyproline were absent. After correction for ash and moisture, the | 


recovery in terms of amino acid residues and ammonia was 91 per cent of 
the weight of unhydrolyzed sample; the recovery of nitrogen was 87 per 
cent of the value obtained by the micro-Kjeldahl method. These results 
indicate that vasopressin very likely contains these eight amino acids and 
ammonia. Whether the portion unaccounted for is due to the presence of 
impurities or to other components in vasopressin so far not detected re- 
mains for future investigation. It should also be pointed out that the 
data do not preclude the possibility of the existence in this high potency 
preparation of substances of the same amino acid composition and similar 
distribution coefficient. 

It is of considerable interest that six of the eight amino acids found in 
hydrolysates of our purified vasopressin preparations are the same as those 
found in hydrolysates of highly purified oxytocin preparations (16). Ty- 
rosine, proline, glutamic acid, aspartic acid, glycine, cystine, and ammonia 
were found in each hormone preparation; in addition to these, leucine and 
isoleucine were found in the oxytocin preparation, while phenylalanine and 
arginine were present in the vasopressin preparation. 
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ther EXPERIMENTAL 


hose Preliminary Experiments on Distribution of Vasopressin between n-Butyl 


plot Alcohol and p-Toluenesulfonic Acid Solution—Solutions of 0.30, 0.20, 0.10, 
raph 0.05, and 0.025 m p-toluenesulfonic acid (commercial grade, recrystallized 
essil_ from water) were equilibrated with equal volumes of n-butyl alcohol. An 
aqueous solution containing 50 mg. of vasopressin (potency, 60 units per 
:” | mg.) per ml. of solution was prepared. Distributions were performed by 
ined shaking 10.0 ml. of equilibrated upper phase with 9.5 ml. of equilibrated 
vhen  Jower phase and 0.5 ml. of the vasopressin solution. A linear relation 
S are between the distribution constant of pressor activity and the molarity of 
acids | the acid solution was found to obtain in the region of 0.05 to 0.30 m, and 
1 by| 4 value of K close to unity was found at 0.1 M. 
were Preliminary Purification—Posterior pituitary powder U. S. P. (Lilly?) 
those was submitted to the fractionation procedure of Kamm ef al. (10). In 
this procedure a series of six fractions (a to f) is obtained by solution of 


sin 


ch iS) the pressor activity, after partial separation from the oxytocin activity, 
sible | in acetic acid and by addition of acetone and ether. Fractions e and f 

A have the greatest pressor activity (40 to 70 units per mg.), as well as con- 
units | 


: siderable oxytocic activity. The material from Fractions e and f was 
eight | ysed in these studies. 

os of Bioassay—The materials were assayed for pressor activity by measuring 
le of their effect on the arterial pressure of the cat, as compared with the effect 
were of the standard posterior pituitary powder. The cats were anesthetized 
and with sodium phenobarbital. 

, the | Removal of Oxytocin—Much of the oxytocin present in Fractions e and 
nt of f was removed by taking advantage of the solubility of oxytocin in sec- 
/ per butyl alcohol. A solution of the material (1 gm. in 25 ml. of 0.05 per cent 
sults aqueous acetic acid) was extracted six times with equal volumes of sec- 
sand bytyl alcohol. Some vasopressin was also extracted from the aqueous 


ce Of solution by this treatment. 
d re- Counter-Current Distribution—The aqueous solution remaining after re- 
t the moval of the oxytocin was lyophilized. The residue was then submitted 
tency to counter-current distribution in a cold room at 10-13° with the use of 
milar separatory funnels. 9.8 gm. of the vasopressin preparation (45 units per 
mg., 440,000 total units) were dissolved in 100 ml. of equilibrated 0.09 
nd in y p-toluenesulfonic acid and introduced, together with 100 ml. of equili- 
those brated n-butyl alcohol, into Funnel 1. After eleven transfers, the upper 
r Y- phases from Funnels 5, 6, and 7 were combined and extracted twice with 
nonia 150 ml. of water to remove the vasopressin. The two aqueous extracts 
eC ei were added to the lower phases from the same funnels. 
e anc 


2 The authors are indebted to Eli Lilly and Company, who generously made us 
a gift of some of the posterior pituitary powder used in this investigation. 
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Removal of p-Toluenesulfonic Acid—The aqueous solution obtained from 
the counter-current distribution, about 600 ml. in volume, was freed of 
acid by allowing the solution to pass through a column of ion exchange 
resin. A column 6 cm. in diameter and 20 cm. high of Amberlite IR-4B 
was used for 300 ml. of acid solution. The column was washed with 150 
ml. of water. 

The counter-current distribution and removal of acid were performed 
in the cold room during about 12 hours. 

Intermediate Vasopressin Preparation—The solution of vasopressin was 
concentrated in vacuo at 0-10° to a small volume and finally lyophilized. 
The residue weighed 1.16 gm. and contained 240 units per mg., or 280,000 
total units (63 per cent recovery). The results of the analysis for amino 
acids, according to the method of Moore and Stein (14), are given in Table 
I, Sample 4. 

Preparation of Highly Active Material—A sample of 380 mg. of the inter- 
mediate vasopressin preparation was submitted to counter-current dis- 
tribution in the all-glass machine (12, 13) in the cold room. Each tube 
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contained 10 ml. of each phase of the n-butyl alcohol-p-toluenesulfonic | 


acid system. After 100 transfers, the solutions from Tubes 51 to 60 were 
combined, separated, and treated in the manner described above to free 
them of acid. Assay of the solution showed that approximately 60,000 
units of pressor activity were present. After lyophilization of the eluate, 
a residue of 120 mg. of amorphous, colorless powder remained. This would 
indicate an activity of 500 units per mg. for the material in solution before 
concentration and lyophilization. When the lyophilized residue was redis- 
solved and assayed, a potency of approximately 400 units per mg. was 
obtained, which represents a total activity of 48,000 units (53 per cent 
recovery). The preparation contained 49.5 per cent carbon, 6.12 per cent 
hydrogen, and 19.5 per cent nitrogen (moisture- and ash-free). The ash 
content was 1.32 per cent. 

Tubes 46 to 50 and Tubes 61 to 65 yielded 66 additional mg. of vaso- 
pressin preparation, with a potency of 320 units per mg. (21,000 total 
units, 23 per cent recovery). 

Determination of Constituent Amino Acids—A sample of the preparation 
obtained from Tubes 51 to 60 was hydrolyzed and the hydrolysate was 
analyzed for amino acids. A plot of the micromoles of amino acid against 
the fraction number, constructed from data obtained with the starch chro- 
matogram, is reproduced in Fig. 1. As this chromatogram showed no 
distinction between glutamic acid and alanine, another sample of the 
hydrolysate was chromatographed with the use of a solvent system in 
which a mixture of these amino acids is resolved (14). This second chro- 
matogram showed that glutamic acid was present and that alanine was 
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-om absent. The results of analyses for amino acids are given in Table I, 
1 of _ Sample 6, and the molar ratios to each other of the constituents are given 
nge in Table II. 
-4B The possibility of the presence of hydroxyproline and tryptophan was 
150 | investigated. In a Hopkins-Cole reaction 5.0 mg. of the vasopressin prep- 
' aration (potency 400 to 500 units per mg.) gave a negative test, while in a 
med parallel experiment with 0.50 mg. of tryptophan the test was strongly 
positive. Furthermore, the per cent of absorption at 275 my in the ultra- 
was | Violet absorption spectrum of the vasopressin preparation was quanti- 
zed,  tatively equal to the expected absorption due to the known tyrosine 
000 | content. (Tryptophan and tyrosine both exhibit a maximum at 275 muy.) 
nino | Hydroxyproline was not detected in several two-dimensional paper chro- 
able | matograms, in which the n-butyl alcohol-acetic acid solvent of Block (17) 
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sfore Fig. 1. Separation of amino acids from a hydrolysate of vasopressin. All con- 


ditions as previously described (16). Sample of hydrolysate placed on the column 
equivalent to 1.75 mg. of the unhydrolyzed vasopressin preparation. 
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edis- 
was 
cent and aqueous phenol (18) were used. The spots were developed with the 
cent  isatin reagent described by Acher, Fromageot, and Jutisz (19). 
» ash 
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SUMMARY \ 

| the 

m in A method for obtaining highly potent vasopressin preparations is de- 
chro- scribed. This method consists of counter-current distribution in an all- 


: was glass apparatus with a solvent system of n-butyl alcohol and aqueous 
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p-toluenesulfonic acid and removal of the acid from the active fractions 
with an ion exchange resin. Preparations of high potency, 400 to 500 
pressor units per mg., can be obtained by these procedures. Analysis of 
hydrolysates of such preparations by chromatography on a starch column 
shows the presence of phenylalanine, tyrosine, proline, glutamic acid, as- 
partic acid, glycine, arginine, and cystine in approximately equimolar ratios 
to each other. Ammonia was present in the hydrolysates in a molar ratio — (from 
of about 3:1 to any one amino acid. Only traces of other amino acids 
were found. In terms of the 8 amino acid residues and ammonia, 91 per 
cent of the weight of the unhydrolyzed preparation was accounted for. 


Analyses of pressor material prepared by other means are also presented. It 

| way a 
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for. 

ted It has long been known that large doses of thyroxine are excreted by 


way of the bile. The pertinent literature on this subject, reviewed in a 
recent article by Monroe and Turner (1), leaves little doubt of the impor- 
tance of the liver in ridding the body of excess thyroxine. 

143), The form in which thyroxine is excreted in bile has not yet been deter- 
mes, mined (1). Earlier studies on this point suffered from lack of suitable 
methods for separating thyroxine from other iodine-containing compounds. 


lai | Furthermore, it was usually necessary to inject relatively large doses of 
w., | thyroxine in order to follow its excretion in the bile. 

The present investigation was prompted by the availability of two pow- 
, 63, | erful tools for the study of the fate of thyroxine: (1) I'*!-labeled L-thyroxine 


of high specific activity, and (2) the technique of filter paper chroma- 
135). glia lk 
139). tography for specifically distinguishing thyroxine from other iodine-con- 
taining compounds. 
Am. 
EXPERIMENTAL 

I'*!-containing L-thyroxine of high specific activity was prepared by a 
modification of the exchange method of Frieden, Lipsett, and Winzler 
(2). The thyroxine prepared by this technique is most likely labeled pri- 
marily in the 3’,5’ positions. L-Thyroxine! was employed for the exchange 
reaction, and no detectable racemization was observed under the condi- 
tions used. The specific activity of the final product ranged from 0.2 
to 0.5 we. per microgram of thyroxine. 

Adult, male rats were placed in restraining cages after a polythene plas- 
tic tube (inside diameter, 0.025 inch) had been inserted in the bile duct 
(3). Radioactive thyroxine, dissolved in very dilute alkaline saline, was 
injected either intravenously (via the tail vein) or subcutaneously. The 
bile was collected in small, graduated receivers which were changed at fre- 
quent intervals. The flow of bile started immediately after the cannula 


44). 
, $1 


* Aided by a grant from the United States Public Health Service. 
1 We are indebted to Dr. B. A. Hems, Research Division, Glaxo Laboratories, 
Ltd., for a generous supply of L-thyroxine. 
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was inserted in the duct and continued uninterrupted throughout the proa 
period of observation. jecte 

Fig 
Results oan 
Radioactive iodine appeared rapidly in the bile of rats injected with C] 
I-labeled thyroxine. This is illustrated in the curves shown in Fig. | ples 


The rate of appearance of the iodine was influenced by the size of the in 
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Fic. 1. Recovery of I'* in bile following the injection of I'*-labeled L-thyroxine, on 

O, intravenous injection of 100 y of L-thyroxine; A, intravenous injection of 15 ¥ of as 

L-thyroxine; @, subcutaneous injection of 100 y of L-thyroxine. - 


jected dose and, more particularly, by the manner of injection. After  °” 
the intravenous injection of 100 y of labeled thyroxine, over 20 per cent 


; : pee pi 
of the injected I'*' appeared in the bile within the 1st hour, and over 35 pl 
per cent within the first 2 hours. With a similar dose injected subcuta- R 


neously, however, only 2 per cent of the injected dose appeared in the bile 
within the first 2 hours. The difference in the shape of the two curves is 
apparent from Fig. 1. After 24 hours the total quantities of I'! recovered 
in bile after either subcutaneous or intravenous injection did not differ 
widely. 

After the intravenous injection of 15 y of labeled thyroxine, a dose ap- 
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out the proaching the physiological range, approximately 15 per cent of the in- 
jected dose appeared in the bile within 2 hours, and 25 per cent in 5 hours 
(Fig. 1). Thus even a fairly small dose of thyroxine is cleared relatively 
rapidly through the liver. 

d with Chemical Nature of Iodine Excreted in Bile—Aliquots of the bile sam- 

Fig. 1 ples collected at intervals from the rats were delivered directly on filter 
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50 Fig. 2. Radioautograms of ascending filter paper chromatograms of bile collected 
from rats injected with [5!-labeled thyroxine. Intravenous injection of 68 y of thy- 
rrosins roxine. a, 0 to 1 hour sample; b, 1 to 2 hour sample: c, 3 to + hour sample. The 
15 of filter paper strip, d, corresponds to autogram c, and shows the position taken up by 
¥ 


added thyroxine, diiodotyrosine, and monoiodotyrosine. Jn, inorganic iodide; Tx, 
thyroxine; U, unidentified component ; O, origin; S, solvent front. Solvent, collidine- 


After ammonia water. 
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paper strips for analysis by partition chromatography. This separation 
procedure has been described in detail in a previous communication (+). 
Radioautograms prepared from several of the chromatograms are shown 
in Figs. 2, 3, and 4. 


idea: During the Ist hour after the crtravenous injection of either 68 y (Fig. 
rvered 2) or 15 y (Fig. 3) of labeled thyroxine, practically all the radioactive 
differ iodine which appeared in the bile was in the form of thyroxine (Fig. 2, 


a; Fig. 3, left). During the 2nd hour, however, the labeled iodine ap- 


1 " . . . . ““ . . . 
sears peared largely in the form of an unidentified component, indicated by [ 
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Fic. 3. Radioautograms of ascending filter paper chromatograms of bile collected 
from rats injected with I'*!-labeled thyroxine. Intravenous injection of 15 y of Th 
thyroxine. Left, 0 to 1 hour sample; center, 1 to 2 hour sample; right, 5 to 11 hour 
sample. Jn, inorganic iodide; 7'x, thyroxine; ’, unidentified component; O, origin: 
S, solvent front. Solvent, collidine-ammonia-water. the 
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Fic. 4. Radioautograms of ascending filter paper chromatograms of bile collected pres 
from rats injected with I!-labeled thyroxine. Subcutaneous injection of 75 y of 
thyroxine. Left, 0 to 1 hour sample; center, 1 to 3 hour sample; right, 3 to 4 hour 


sample. In, inorganic iodide; 7'z, thyroxine; U, unidentified component; O, origin; 
S, solvent front. Solvent, collidine-ammonia-water. 
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in Figs. 2 and 3. This component is neither ditodotyrosine nor monoiodo- 
tyrosine; it moves to a position on the chromatogram between these two 
known components of thyroid tissue. Furthermore, it is not 3,5-ditodo- 
thyronine because, under the conditions used here, this compound takes up 
a position immediately above thyroxine. After 3 to 4 hours, the greatest 
part of the radioiodine in bile was present as the unidentified component 
(Fig. 2, c; Fig. 3, right). 

Subcutaneous injection of labeled thyroxine resulted in a change not only 
in the rate of excretion of I'*! in the bile (Fig. 1) but also in the form of 
excreted iodine. The results were unlike those with the intravenous in- 
jection; the I which appeared in bile, even during the Ist hour, after 
subcutaneous injection was already in the form of the unidentified com- 
ponent. This is shown in Fig. 4, left. Subcutaneously injected thyroxine 
is transformed into the unidentified compound more rapidly than intra- 
venously injected thyroxine, at least when the dosage is above the physio- 
logical range. 


Comment 


The results of the present investigation support the findings of earlier 
workers who reported that injected thyroxine is excreted largely by way of 
the bile (1). In the experiment given here, in which 100 y of labeled 
thyroxine were injected intravenously into a 300 gm. rat, more than 70 
per cent of the injected I‘ appeared in the bile in 26 hours. In the ex- 
periment in which 15 y of labeled thyroxine were injected by the same 
route, about 50 per cent was recovered in bile in 24 hours. The principal 
excretion product during the 1st hour after injection was unchanged thy- 
roxine. As early as 2 hours after the injection, however, an unidentified, 
iodine-containing product was found in bile, and by the time 4 hours had 
elapsed this was the major iodine-containing component. 


SUMMARY 


1. I-labeled, i-thyroxine of high specific activity was injected into 
rats, and the I'*!-containing compounds eliminated in bile were studied 
by means of filter paper partition chromatography. 

2. Unchanged thyroxine was the principal I'*!-containing excretion pro- 
duct found in the bile during the 1st hour after the intravenous injection 
of either 15 or 68 y of labeled thyroxine. Bile samples collected at later 
intervals, however, contained an unidentified I'*'-containing component 
which did not correspond to any of the iodine compounds known to be 
present in mammalian tissue. In 3 hours this unidentified component 
comprised the largest part of the excreted I. — 
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3. When 75 vy of labeled thyroxine were injected subcutaneously, the 
unidentified I'*!-containing component was the major I'* excretion pro- 
duct, even during the 1st hour. 
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THE ISOLATION FROM BEEF SERUM OF A SURVIVAL 
FACTOR FOR TREPONEMA PALLIDUM* 


By F. A. H. RICE anp ROBERT A. NELSON, Jr. 


(From the Department of Bacteriology, School of Hygiene and Public Health, The Johns 
Hopkins University, Baltimore, Maryland) 


(Received for publication, December 14, 1950) 


The problem of the cultivation in vitro of virulent Treponema pallidum 
has been approached in this laboratory by investigations of the physical 
and chemical factors which influence the survival of this organism in 
artificial media. 

A previous report (1) described techniques which permitted the isola- 
tion of 7’. pallidum in a relatively tissue-free state from rabbit testicular 
syphilomas. These organisms survived in vitro and retained virulence for 
a period of several days. As a medium consisting of known constituents! 
was used for the extraction of the testes, the only unknown substances 
available to the organisms were those derived from the testicular tissue. 
It was found that this tissue extract was necessary for the survival of 
T. pallidum, since the organisms when centrifuged and resuspended in 
the basal medium would survive for only 12 to 24 hours. After the ad- 
dition of either normal rabbit or bull testicular tissue extracts or ultra- 
filtrate of beef serum? to the medium used for resuspending 7’. pallidum 
survival was supported for 5 to 8 days. Similar effects of serum ultra- 
filtrate have been reported by Eagle and Steinman (2). 

It was found that mixtures of the known vitamins, glucose and other 
sugars, amino acids, and various purines and pyrimidines would not sub- 
stitute® for the testicular extract or the serum ultrafiltrate and hence it 
appeared likely that the effect of the ultrafiltrate of serum or the testi- 
cular extract was due to a hitherto unrecognized component of blood or 
tissue extracts. 


* These studies were supported by grants-in-aid from the Division of Research 
Grants and Fellowships of the National Institutes of Heaith, United States Public 
Health Service. 

1 The basal medium contained 0.00035 m crystalline bovine albumin or fraction V 
bovine plasma, 0.015 m NazHPO,-12H.0, 0.00475 m KH2PO,, 0.0020 m sodium thiogly- 
colate, 0.0015 m u-cysteine hydrochloride, 0.0015 m glutathione, 0.0015 m sodium 
pyruvate, 0.0085 m sodium bicarbonate, and 0.15 m NaCl. For complete details see 
Nelson (1). 

2 Either a commercial preparation obtained from the Microbiological Laboratories, 
Coral Gables, Florida, or a preparation made in this laboratory by filtering whole 
beef serum through cellophane. 

3 Unpublished results. 
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The present report is concerned with the isolation in crystalline form 
of this survival-promoting factor. This material will be referred to as 
the TPS factor, indicating 7’. pallidum survival factor. 


EXPERIMENTAL 


Biological Assay Technique—One rabbit testicular syphiloma was re- 
moved aseptically, cut into ten transverse slices with a specially designed 
instrument (3), washed with 10 ml. of chilled 0.85 per cent aqueous NaCl 
solution, and placed in 16 ml. of a basal medium.! The 7’. pallidum were 
extracted with gentle shaking at 30° for approximately 2 hours in an 
atmosphere of 5 per cent CO2 and 95 per cent nitrogen.t The suspension 
was then centrifuged at 1000 r.p.m. at room temperature for 10 minutes 
to remove erythrocytes, spermatozoa, and tissue débris. The superna- 
tant fluid containing the 7. pallidum was decanted and two 0.8 ml. por- 
tions removed, mixed with 0.2 ml. of saline, placed in a Brewer jar as 
described below, and incubated in order to gage the ability of the 7. 
pallidum to survive in the presence of the naturally occurring tissue ex- 
tract. The remainder of the solution was placed in a 100 ml. centrifuge 
tube, covered with a sterile cotton plug and a rubber cap, and spun at 
5000 r.p.m. in the angle head of an International PR-8 refrigerated cen- 
trifuge at 5° for 50 minutes. The supernatant fluid was discarded and 
the sedimented 7’. pallidum resuspended in 16 ml. of basal medium. 0.8 
ml. portions of the resuspended 7’. pallidum were pipetted into 13 x 100 
mm. tubes containing 0.2 ml. of an isotonic saline solution of the sample 


to be examined for TPS activity. An aliquot of 0.8 ml. of the resuspended ' 


organisms was also added to 0.2 ml. of either phosphate buffer or saline. 
Failure of 7. pallidum to survive in this tube showed that the “‘survival- 
promoting” tissue extract had been removed by the recentrifugation. 
In an additional set of controls 0.8 ml. of the resuspended organisms 
was added to 0.2 ml. portions of a series of 5-fold falling dilutions of ul- 
trafiltrate of beef serum. A comparison of the fraction under assay with 
this series gave a rough index of its degree of activity. In order to fur- 
nish a zero hour control reading, samples were taken from one or two 
of the tubes at the beginning of each experiment and the number of or- 
ganisms motile out of a total of 100 was determined by dark-field micros- 
copy. All the tubes were then placed in a Brewer anaerobic jar and the 
air thrice evacuated and replaced by a gas mixture of 95 per cent ni- 
trogen and 5 per cent carbon dioxide.*’ The tubes were incubated at 30° 
and motility determinations were performed at 24 hour intervals. 
Fractions to be examined for activity were dissolved in a volume of 
isotonic 0.85 per cent aqueous NaCl solution equal to the original volume 


4 Prepared by the Puritan Compressed Gas Corporation, Baltimore, Maryland. 
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orm of the serum or ultrafiltrate of serum from which the fraction had been 

> as separated. In order to conserve material this dilution was made on an 
aliquot basis. 

Preliminary Investigations—The ultrafiltrate of beef serum retained its 

TPS activity after heating for } hour either at 55° or at the temperature 


-ye- of the boiling water bath. The material obtained by ashing the ultra- 
med filtrate showed no activity when assayed in the form of soluble chlorides, 
JaCl thus making it extremely unlikely that the TPS activity of the ultra- 
were filtrate was due to an inorganic substance. Samples of the solid material 
1 an obtained from ultrafiltrate of beef serum by sublimation from the frozen 
sion | state were extracted with a variety of solvents. The TPS factor was 
utes found to be soluble in absolute ethanol and acetone, but insoluble in 
na- ether, chloroform, or benzene. Activity could be removed from ultra- 
por- | filtrate of beef serum by treatment with charcoal (Darco G-60°) or Mag- 
ras nesol® and recovered from the charcoal by extraction with water, ethanol, 
e T. or acetone. The TPS factor could not be recovered from Magnesol. 
» EX: After treatment with anhydrous acetone in the presence of mineral acid 
ifuge | the factor formed a condensation product with the acetone which was 
n at ether-soluble. On the basis of these preliminary findings the following 
cen- | isolation procedure was adopted. 

and Fractions of serum that were discarded during the isolation procedure 


0.8 showed no TPS activity when assayed in 10-fold and 100-fold concentra- 
100 tions. 


mple Isolation of Active Component of Beef Serum in Crystalline Form—10 
nded liters of 10 per cent aqueous sodium tungstate solution were added to 10 
line. liters of beef serum. 10 liters of 3 N H.SO, were then slowly added to 
ival- precipitate the protein (4) which was removed by filtration through Ce- 
tion. lite’? on a Biichner funnel. The filtrate was stirred with 2 kilos of char- 
‘isms coalé (Dareo G-60) for 3 hours at room temperature. The charcoal was 
f ul- removed by filtration and extracted by stirring with 2.5 liters of acetone 
with (Merck, ¢.p.) for 2 hours at room temperature. The mixture was filtered 
fur- and the charcoal was again extracted with 2.5 liters of acetone. The 
two combined extracts were stored overnight at 4°. An inactive crystalline 
f or- precipitate formed which was removed by filtration and the filtrate con- 
cros- centrated to dryness in an atmosphere of nitrogen under reduced pressure 
| the at 30-40°. The solid material was further dried by triturating it with 
t ni- benzene and removing the benzene by distillation under reduced pres- 
t 30° sure. The residue was extracted three times at room temperature with 
5 Obtained from the Darco Corporation, 60 East 42nd Street, New York. 
1e of 6 A hydrated form of magnesium acid silicate prepared by the Westvaco Chlorine 
lume Products Company, South Charleston, West Virginia. 
i 7™No. 535 obtained from Johns-Manville, New York. 


XUM 








38 SURVIVAL FACTOR FOR TREPONEMA PALLIDUM 


200 ml. portions of ether (Merck, U.S. P.).3 The residue was then dried 
under reduced pressure (3 to 5 uw for 2 hours at 30-40°) over P.O; and then 
stirred for 48 hours at room temperature with 500 ml. of anhydrous ace- 
tone® containing 100 gm. of anhydrous Na2SO, and 5 ml. of concentrated 
H.SO, in order to form an isopropylidene condensation product with 
acetone (5). The mixture was then filtered through a fritted disk and 
the filtrate was neutralized with an excess of solid Ba(OH)2-8H.O (10 
gm.) and again filtered. The filtrate was concentrated to dryness in an 
atmosphere of nitrogen under reduced pressure at 30-40°. The sirupy 
residue was extracted with 200 ml. of ether (Merck, U.S. P.) by shaking 
with 50 ml. portions and decanting the ether solution. The ether ex- 
tracts containing the active material were combined and filtered with 
suction through a fritted disk funnel and concentrated to about 10 ml. 
20 ml. of petroleum ether (b.p. 30-60°) were added and a granular pre- 
cipitate formed in the solution. The precipitate was removed by filtra- 
tion and dissolved in 2 ml. of benzene. Petroleum ether was added to 
slight turbidity and the solution was allowed to stand several days at 
4°, at the end of which time crystallization had taken place. The ma- 
terial was recrystallized from hot ethyl acetate. M.p. 147-148°;!° [a]% 
= —12° (Me.CO, C 2.0); yield 50 mg. Several recrystallizations are 
necessary in order to remove an inactive crystalline material, which is 
apparently diisopropylidene p-glucose. The inactive compound has a 


melting point of 108°; [a]2° = —18° (H.O). The recorded constants for 
diisopropylidene p-glucose are melting point 110-111° and [a]?® = —18.5° 
(H.0) (6). 


The Molisch test for carbohydrate gave a green ring. Tests for phos- 
phorus, nitrogen, and sulfur were negative. The iodoform test was nega- 
tive, but became positive after the compound was treated with 1 Nn HCl 
for 5 minutes on the steam bath. The compound was soluble in ethanol, 
acetone, chloroform, benzene, ethyl acetate, and ether, but was insoluble 


in petroleum ether and only slightly soluble in water. A tentative for- | 


mula for the compound based on the condensation of one isopropylidene 
group is CysHOw.!! Calculated, C 49.16, H 7.15, Me2CO 15.85; found, 
C 49.07, H 7.20, Me,CO 15.85 (7). At this stage an assay showed the 
compound to have very slight TPS activity. 


§ It is interesting to note that the initial acetone eluate of the charcoal showed no 
TPS activity until it had been concentrated to dryness and all ether-soluble material 
removed. This suggests that the inhibitory properties (1) of whole serum may be due 
to an ether-soluble material; the question is under investigation. 

9 Prepared by distilling acetone (Merck, ¢c.p.) from anhydrous K2CO,. 

10 All melting points were taken on a Fisher-Johns melting point block and are 
uncorrected. 

41 Combustion analyses were performed by the Clark Microanalytical Laboratory, 
Urbana, Illinois, 
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ea Removal of Isopropylidene Residue with Consequent Regeneration of Full 
hen | [PS Actiwity—50 mg. of the isopropylidene compound were dissolved in 
ace. | 8ml. of 1.5 N HCl and the solution was allowed to stand overnight at 


1teq | toom temperature. The mineral acid was then removed by treatment 
vith | With excess AgeCO; and the solution was filtered. The solution was 
and | treated with H.S gas and again filtered. 50 ml. of absolute ethanol were 
(10 added and the solution was concentrated to dryness in an atmosphere of 
nitrogen at 30-40°. The solid residue was crystallized from 2 ml. of 





























| an : : 
. absolute ethanol by adding an equal volume of ether and allowing the 
py ; : : ne & 
cing solution to stand several days at ice box temperature. Yield 25 mg. 
ee TABLE | 
vith Activity of Isolated Compound 
ml. i - 
: 7 Per cent of T. pallidum motile during 
_ | Material added to medium ea | Se 
tra- 1 day | 2 days | 3 days | 4 days | 5 days 
lto | — | | 
} vol. per cent 
a at | Serum ultrafiltrate 20.0 86 | 58 | 52 | 44 | 44 
— 4.0 92 | 94 | 80 | 80 | 48 
‘als 0.8 94 80 30 | 10 | 2 
are | 0.16 9 | 4] 0 | 
i a 0.03 16 | 0 | 
‘ 0.02 14 0 
f ” y per ml 
| yes 1’. pallidum survival factor 375.0 92 | 52 48 | 44 20 
8.5 75.0 98 | 90 | 82 | 80 | 40 
15.0 98 92 86 | 38 8 
hoe- 3.0 100 | 40 | 4) O 
mel 0.2 80 | 16 | O 
=a 0.1 18 | 0 | 
: Phosphate control 12 | 0 | 
nol, _ ‘ 
uble |, ‘ : 4 
as The compound was hygroscopic and after drying at 100° under reduced 
lene _ Pressure was analyzed for CyzH22.0y%-H2,O. Calculated, C 41.85, H 7.03; 
ind, found, C 41.95, H 6.92. M.p. 95-98°; [a]? = +18° (H.O, C 2.0). 
| we TPS Activity of Isolated Compound—To determine the activity of the 


TPS factor on a weight basis, a 3 mg. per ml. solution of TPS was made 
in isotonic saline buffered with phosphate buffer (0.01 mM Na .HPO,-12H.O 
dno and 0.0088 m KH,PO,). 5-Fold falling dilutions of this solution were 
ne made in the same buffer, and these were compared with 5-fold falling 
' | dilutions of whole serum ultrafiltrate. The organisms were incubated 
at 30° and motility counts were made at daily intervals. The results 

{are | are shown in Table I. 
Preliminary Chemical Investigation on TPS—Since the removal of the 


Ory, | isopropylidene residue resulted in a considerable loss of material, chemical 
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investigations were carried out on the isopropylidene compound. Al. 
though this compound gave an atypical Molisch test, the anthrone test 
(8) for carbohydrate was positive. 'The isopropylidene condensation prod-| 
uct of TPS did not reduce Fehling’s solution either before or after hy- 
drolysis under a reflux with 5 per cent HCl for 8 hours. The hydrolyzed! 
material did not form an osazone after treatment with phenylhydrazine} 
hydrochloride-sodium acetate under the usual conditions and was no 
longer biologically active. Treatment of the isopropylidene derivative 
of TPS with acetic anhydride in pyridene yielded a sirup which could not) 
be crystallized. The isopropylidene derivative of TPS had a neutral, 
reaction in aqueous solution; however, 12 mg. of the compound con- 
sumed 3.1 ml. of 0.01 n NaOH when treated with alkali at room tempera-} 
ture. This is equivalent to 0.95 mole of alkali per mole of compound on 
the basis of the formula CsH2Oj, thus indicating the presence of one 
ester or lactone group in the molecule. 


DISCUSSION 


The beneficial effect of beef serum or an ultrafiltrate of beef serum in 
promoting the survival of virulent 7. pallidum is apparently due in large 
part to a specific compound (the TPS factor) which has been isolated as 
described above. While it is recognized that other components of serum 
may be important in the metabolism of 7. pallidum, or more specifically 
may be essential growth requirements, the activity of such materials was 
not detected with the present assay techniques. 

The TPS factor could be removed from deproteinized beef serum by 
adsorption on charcoal. It was also found that after eluting the factor 
from the charcoal into acetone an isopropylidene condensation product 
could be formed. This isopropylidene condensation product, after re- 
peated recrystallization from ether-petroleum ether, benzene, and finally 
ethyl acetate, had a sharp melting point (147-148°) and corresponded 
to CysH201 on analysis. The compound resulting from the removal of 
the acetone residue with aqueous mineral acid was crystallized from 
ethanol-ether and after recrystallization melted at 95-98° and yielded 
Cy2H20%0-H2O. The latter compound would promote the survival of 
T. pallidum to the same extent as the ultrafiltrate of beef serum (Table 
I). 

The isopropylidene derivative of TPS was non-reducing before and 
after hydrolysis. The compound gave an atypical Molisch test but a posi- 
tive test for carbohydrate with the anthrone reagent (8). The consump- 
tion of 1 mole of alkali per mole indicates the presence of an ester or 
lactone group. 

A search of the literature has failed to identify the compound or its 
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isopropylidene derivative on the basis of the elemental analysis, melting 
point, and optical rotation. 

Since the effect of TPS on only one organism (7’. pallidum) is known, it 
is impossible to say whether or not the isolated factor is identical with 
any compounds which have not yet been isolated in a crystalline condition 
but are known to be present in a natural product and to affect the growth 
or survival of other microorganisms. 

Further chemical and biological studies are in progress on the TPS 
factor. 


The authors would like to thank Dr. M. M. Mayer and Dr. ‘¥. B. Tur- 
ner for their interest in this work and for helpful criticism on the prepa- 
ration of the manuscript. 


SUMMARY 


1. A crystalline compound which is necessary for the prolonged sur- 
vival in vitro of virulent Treponema pallidum has been isolated from beef 
serum. 

2. The compound is isolated in the form of its isopropylidene deriv- 
ative, which gives analysis for CisH2Ow and has a melting point of 
147-148°; [a]? = —12° (Me.CO,C 2.0). The compound after removal 
of the isopropylidene group yields Cy2H220. and has a melting point of 
95-98°; [a]22> = +18° (H.0,C 2.0). 

3. The isopropylidene compound gives a negative test with the Molisch 
reagent and is non-reducing before and after hydrolysis with 5 per cent 
aqueous HCl. The compound, which gives a neutral reaction in aqueous 
solution, takes up approximately 1 mole of alkali per mole at room tem- 
perature, indicating the presence of an ester or lactone grouping. 

4. At a concentration of 3 to 375 y per ml. the compound will prolong 
the survival of 7’. pallidum in vitro to the same extent as do an ultrafiltrate 
of beef serum or normal tissue extracts. 
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AN ENZYMATIC STUDY OF THE MODE OF ACTION OF 
PYRITHIAMINE (NEOPYRITHIAMINE) 


By D. W. WOOLLEY* 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York, New York) 


(Received for publication, January 20, 1951) 


Because pyrithiamine (neopyrithiamine)! calls forth in higher animals 
many of the characteristic signs of thiamine deficiency (2), and because 
these manifestations may be prevented or corrected in a competitive fash- 
ion by the vitamin, the belief has arisen that the pharmacological prop- 
erties of this analogue of the vitamin are due to its ability to interfere 
with the metabolic utilization of thiamine. Since the only well established 
and reasonably well understood réle of thiamine involves cocarboxylase, 
it has seemed advisable to determine whether the action of pyrithiamine 
(neopyrithiamine) can be understood in terms of this functional form of 
the vitamin. 

Several postulates have been advanced by various investigators to ex- 
plain the probable mode of action of pyrithiamine (neopyrithiamine). One 
view has been that the analogue interferes with the combination of the 
coenzyme with apocarboxylase. Another hypothesis has been that it com- 
petes with thiamine when the latter acts as substrate for the enzymatic 
synthesis of cocarboxylase (3). A third possibility is that the analogue 
is first pyrophosphorylated enzymatically in the organism, and this pyri- 
thiamine pyrophosphate then competes with cocarboxylase for combination 
with the apoenzyme. Any one or a combination of these mechanisms, if 
shown actually to be at work, could make understandable, at least in part, 
the mode of action of this structural analogue of thiamine. 

The present paper will contain experimental evidence to show that pyri- 
thiamine (neopyrithiamine) inhibits the synthesis of cocarboxylase by the 
enzyme system found in chicken blood (4). Furthermore, the failure of 


* With the technical assistance of N. Smith. 

1 Although the pyrithiamine originally used in biological experiments was sub- 
sequently shown to be impure, and although a pure specimen prepared by a slightly 
modified procedure was at first thought to differ in structure from the original prep- 
aration, the isolation of the latter substance from the former material and the dem- 
onstration that the biological activity was due to the pure substance and not to the 


‘impurities, or to a different molecule (1), have led to the suggestion that the con- 


fusion in nomenclature ‘which was introduced by naming the pure substance neo- 
pyrithiamine could be resolved by referring to it as pyrithiamine (neopyrithiamine). 
This suggestion has been adopted in this paper. 
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the analogue to inhibit the combination of cocarboxylase with yeast apo- 


carboxylase will be demonstrated.. However, the possibility has not been - > 
excluded that animals may possibly form pyrithiamine pyrophosphate 95° J 
within the cells, which is then capable of retarding, in a competitive fashion, eeu 
the union of cocarboxylase and apoenzyme. A direct demonstration of | liquid 
pyrithiamine pyrophosphate formation could not be made, and this fail- | ihe fi 
ure was possibly related to the ability found in the enzyme system em- agains 
ployed to hydrolyze free pyrithiamine pyrophosphate. 

The reason for selection of chicken blood as the source of the cocarbox- | 
ylase-synthesizing enzyme system is noteworthy. It has long been known g 105 
that tissues from most normal animals will not form the coenzyme from E 
thiamine, and that only when parts from a thiamine-deficient individual E 9F 
are taken will such synthesis occur to any appreciable extent (5). Even i 
with such deficient tissues, the amount of coenzyme which is synthesized & 
does not exceed the level present in the organs of normal individuals. | 3 8 
However, Westenbrink and Steyn-Parvé (4) have shown that the blood | ® 
of chickens, even when taken from normal birds, will form cocarboxylase | § 7% 
from thiamine. In attempts to understand the mode of action of pyri- : 
thiamine (neopyrithiamine) on normal animals, some advantage might Ke) 65 
accrue from the use of enzyme systems from healthy individuals rather se) 
than from deficient ones. 8 

5 2 
EXPERIMENTAL 3 

The pyrithiamine (neopyrithiamine) used in this study was a pure sam- & AE 
ple kindly supplied by Dr. S. A. Harris of Merck and Company, Inc. In é 
addition, the results of each demonstration were checked with those ob- 35 
tained by substitution of the impure material prepared according to the 
older method (6). The only difference which was noted with the two speci- 
mens was a higher degree of activity for the purer material. Such control Fic 


was deemed necessary in view of the claim that the older preparation owed added 
its biological potency to a chemically different compound (7, 8). How- | 
ever, in accord with other recent findings (1) no qualitative difference was ard ¢ 
observed. as th: 
Colorimetric Determination of Cocarboxylase Activity—The method for the Wt 
estimation of cocarboxylase was the same as the manometric one of Ochoa ‘“®SP 
and Peters (5), except that, instead of measurement of carbon dioxide of ble 
evolved, unchanged pyruvic acid remaining after a reaction period of 30 100° 
minutes was determined colorimetrically as the dinitrophenylhydrazone. Great 
A standard curve was prepared for pure cocarboxylase by mixing 1.0 mg. 27S¢ 
of MgCl,-6H:20, 0.01 mg. of thiamine, and amounts of cocarboxylase rang- alkali 
ing from 0.1 to 2 y and 1 ce. of alkaline washed yeast suspension in a total ‘*™P 


volume of 1.8 cc. The mixture was shaken for 15 minutes at 25°, and then ee 
estim 
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1.2 cc. of sodium pyruvate solution (1 mg.-of pyruvic acid per cc.) at pH 
5.8 were added. After a reaction period of 30 minutes (with shaking) at 
25°, 1 cc. of a 20 per cent solution of trichloroacetic acid was added and 
pyruvic acid was estimated in 0.1 ce. aliquots of the clarified supernatant 
liquid. The amounts of pyruvate destroyed were calculated by subtrac- 
tion from that present before the reaction, and these values were plotted 
against the quantities of cocarboxylase. In each new experiment, a stand- 





a 
— 
D> 
or 
[=] 

] 














+o 
. 


; 


g 


650 


550 


Pyruvic acid. destroyed in gamm 








l | l l 
0 0.5 10 2.0 3.0 


Cocarboxylase in gamma 





Fig. 1. Typical dose-response curve showing relationship between cocarboxylase 
added and pyruvic acid destroyed. 


ard curve was constructed with the same batch of alkaline washed yeast 
as that used for the unknowns. One such curve is shown in Fig. 1. 

When blood, or a fraction derived from it, was to be analyzed, the sample 
was prepared according to the method of Westenbrink et al. (9). Each ec. 
of blood was mixed with 1 cc. of 0.25 n HCl and immediately heated at 
100° for 2 minutes, cooled, and the pH adjusted with 0.15 cc. of n NaOH. 
Great care was taken in this operation because spurious results invariably 
arose from alterations of the technique. Especially if the quantity of 
alkali was insufficient, a dark color remained in the centrifugally clarified 
sample, and this was associated with fictitiously high values for cocarboxy]l- 
ase. Aliquots of the clear supernatant fluid were used in the colorimetric 
estimation of cocarboxylase, as indicated above. 





46 MODE OF ACTION OF PYRITHIAMINE 


‘ Synthesis of Cocarboxylase by Normal Chicken Blood and by Fractions solutic 
Prepared from It—Blood was drawn from normal adult chickens into a and 8 
syringe wetted with an aqueous solution of heparin (10 mg. per cc.), and| !rom | 
1 cc. aliquots were mixed with 0.2 ce. of 0.85 per cent aqueous NaCl solu-| °27™ 
tion. Other aliquots were mixed with the same volume of isotonic solu- | WeTe ¢ 
tions of thiamine which contained 5 to 100 y of the vitamin. The samples % PYF 
were incubated at 37° for 30 mintues, and then analyzed in the way just ™8 th 


indicated. Preliminary trials showed that no more synthesis of cocar- | The 
boxylase occurred when the time of incubation was increased to 2 hours, | 2 ™¥2 
Typical results showing the synthesis of the coenzyme are contained in Bec 


Table I. Individual chickens were found to vary considerably in the | syster 
amount of cocarboxylase formed by their bloods under such circumstances, descri 
and for this reason a number of birds were tested and an effort was made to| Wr 

use the more active specimens. Additions of glucose and adenosinetri-| CY 














| type | 

TaBLeE [| meast 
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phosphate (5 mg. of the former and 0.25 mg. of the latter, per cc. of blood) (Ni i, 
were usually found to improve the yield, but since this did not invariably 2™1D 


happen, it was not adopted as a routine. from 
The synthetic ability of the blood resided in the cells, because when the ©20U! 
plasma was separated by centrifugation and the cells were washed twice Th 


with saline solution and resuspended to the original volume of the blood, subst 
the addition of thiamine resulted in the appearance of approximately the I. 

same amount of cocarboxylase as was formed by the whole blood. The De 
undiluted plasma gave no detectable increase in cocarboxylase when incu-  €0 
bated with thiamine. In all of these experiments, 10 y of the vitamin deser 
were used per cc. of blood. stroy 

The cells could be disrupted without destruction of the synthetic ability. WS 

For example, additions of 0.1 ce. of toluene per ec. of washed cell suspen- com 
sion did not remove the power of the resulting mixture to form cocarboxy]- from 
ase from added thiamine. Likewise, when cells were lysed by suspension TI 
in distilled water, the resulting preparation carried out the synthesis. In boxy 
such lysates the system involved was usually found in the particulate Dete 
matter which could be separated by centrifugation and washing with saline le 
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solution. However, such particles occasionally failed to show synthesis 
and sometimes gave blanks which far exceeded those found in the blood 
from which they came. For this reason, further attempts to purify the 
enzyme system were abandoned. The results of fractionation of the blood 
were considered to indicate more that the synthetic ability. could remain in 
a preparation free of living cells than to yield a practical means of purify- 
ing the enzyme system involved. 

The synthetic ability of the blood was destroyed by heating to 100° for 
2 minutes. 

Because the investigation of blood had not yielded a purified enzyme 
system, attempts were made to use the one extracted from dried yeast as 
described by Weil-Malherbe (10). Although three different types of yeast 
were investigated, it was not possible to obtain a solution which would 
carry out the synthesis of cocarboxylase. It is not known whether the 
type of yeast was the crucial factor in the earlier work or whether the 
measurement of carbon dioxide evolution rather than the disappearance 
of pyruvate could have been the reason for this difference. However, syn- 
thesis could not even be demonstrated to any appreciable extent with sus- 
pensions of dried yeast when the latter technique was used for analysis. 

Since this manuscript was prepared, the work of Smits and Florijn (11) 
appeared in which the formation of cocarboxylase from thiamine by frac- 
tions of normal blood was studied. They also observed that this ability 
resided in the cells. 

Inhibition of Cocarboxylase Synthesis in Chicken Blood with Pyrithiamine 
(Neopyrithiamine)—Relatively large amounts of pyrithiamine (neopyrithi- 
amine) reduced the amount of cocarboxylase which chicken blood formed 
from a given quantity of thiamine under the conditions just outlined. If 
enough of the analogue was present, the synthesis was stopped completely. 

The inhibition could be relieved by increases in the concentration of the 
substrate (thiamine) in the system, as can be seen from the data in Table 
II. 

Destruction of Free Cocarboxylase by Chicken Blood—Although synthesis 
of cocarboxylase from thiamine could be demonstrated in the manner just 
described, any exogenous coenzyme which was added was completely de- 
stroyed when it was incubated with blood. For this reason, the conclusion 
was reached that whatever was synthesized was protected, possibly by 
combination with protein or by retention in a part of the system removed 
from the vicinity of the destructive enzyme. 

The inactivation was readily demonstrated by addition of 2 y of cocar- 
boxylase to 1 ec. of chicken blood, and incubation at 37° for 30 minutes. 
Determination of the coenzyme in the manner just described revealed that 
at least 90 per cent of it had disappeared. When 2 y of cocarboxylase 





48 MODE OF ACTION OF PYRITHIAMINE 


were added, and the mixture was immediately acidified and heated (i.e.,| inhibit 
when there was no incubation), the coenzyme could be recovered. |m. 

A number of attempts were made to inhibit the destruction without loss | satura’ 
of synthetic ability of the blood. However, calcium ions (final concen- | was nc 
tration, 0.02 mM), magnesium ions (0.01 m), beryllium ions (0.005 m), fluoride | to app 
ions (0.01 m), cyanide ions (0.1 M), or appropriate combinations of these | compe 
did not succeed in this. tivity 

Failure of Pyrithiamine (Neopyrithiamine) to Inhibit Combination of Co- | amour 
carboxylase with Its Apoenzyme—When pyrithiamine (neopyrithiamine) was | coenz3 
added to cocarboxylase, no inhibition of combination of the latter with 
alkaline-washed yeast (apocarboxylase) was observed. For example, a 
mixture of 2.5 mg. of the antimetabolite with 0.5 y of cocarboxylase showed 




















Tas_e II 

Effect of Pyrithiamine (Neopyrithiamine) on Formation of Cocarboxylase Cocarbe 
from Thiamine in Chicken Blood ~wiie- 
Thiamine added Pyrithiamine  Geopr rithiamine) Cocarboxylase formed ( 
y ber ce. mg. per cc. vy per ce. —e | 
5 0 0.30 | 
5 2.7 <0.1 | 

10 0 0.54 

10 2.5 0.40 

100 2.5 0.60 

10 0 LG 

10 3 








| 


* This experiment carried out on blood from a different chicken. 


.0 0.8* 





the same ability to combine with alkaline washed yeast and then to de- 
compose pyruvate as did 0.5 y of coenzyme alone. 

Inhibition of Combination of Cocarboxylase with A pocarboxylase Caused by : 
Synthetic Pyrithiamine Pyrophosphate and Its Reversal by Cocarboxylase—10 _— 
mg. of pyrithiamine were heated with sodium pyrophosphate and phos- carbc 
phoric acid exactly according to the directions of Tauber (12) for the syn- dose- 
thesis of cocarboxylase from thiamine. The product was purified in the 1 an 
manner given by this author for cocarboxylase, but a crystalline compound react 
was not obtained, possibly because of the small quantities which could be De 
used. The substance was regarded as pyrithiamine pyrophosphate, al- of ck 
though its identity could not be firmly established because of limitations de 
in the quantities available. When it was mixed with cocarboxylase, the of Ww: 
reaction of the latter with yeast apocarboxylase was completely inhibited, wes. 
as judged by the failure of the resulting reaction mixture to destroy pyru- for @ 


vate. When the amount of cocarboxylase in the system was increased, the Pe 
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inhibition was overcome. ‘These facts are illustrated by the data in Table 
III. When the quantity of coenzyme was much below that needed to 
saturate the apoenzyme, the antagonism to pyrithiamine pyrophosphate 
was non-competitive. However, once enough of the coenzyme was added 
to approach the saturation of the enzyme, the antagonism appeared to be 
competitive. Thus 150 y of pyrithiamine pyrophosphate reduced the ac- 
tivity of 0.5 y of cocarboxylase to half its normal value, and this same 
amount of analogue exerted approximately the same effect on 1 y of the 
coenzyme. However, about 3 times as much of the analogue (400 y) was 


Taste III 


Antagonism between Cocarbozylase and Pyrithiamine Pyrophosphate in 
Reaction between Coenzyme and Yeast Apocarboxylase 








Cocarboxylase added a. Pyruvic acid destroyed ares osphate required 
Y ys mg. ? 
0.5 0 0.65 
0.5 50 0.67 
0.5 150 0.50 150 
0.5 300 0.36 
0 0 0.36 
1.0 0 0.94 
1.0 100 0.70 135 
1.0 200 0.56 
3.0 0 1.04 
3.0 100 0.94 400 
3.0 200 0.84 
3.0 300 0.78 














required for a similar degree of inhibition of the activity of 3 y of the co- 
carboxylase. In the system employed, when no inhibitor was added, the 
dose-response curve for cocarboxylase approached maximum between the 
1 and 2 y¥ levels of the coenzyme, indicating that saturation was being 
reached with that amount. 

Destruction of Pyrithiamine Pyrophosphate by Chicken Blood—Incubation 
of chicken blood with the synthetic pyrithiamine pyrophosphate resulted 
in destruction of the inhibitor. Thus, 1.0 mg. of the substance in 0.2 cc. 
of water was mixed with 1 cc. of chicken blood, and held at 37° for 30 min- 
utes. Half of the mixture was then heated at 100° for 2 minutes and tested 
for ability to diminish the activity of 0.5 y of cocarboxylase. A control 
was included in which the heating was conducted immediately after mixing 
of the blood and pyrithiamine pyrophosphate. All detectable inhibitory 
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action of the pyrithiamine pyrophosphate was destroyed in the incubated 
sample, but not in the unincubated one. 

Failure to Demonstrate Synthesis of Pyrithiamine Pyrophosphate from Py- 
rithiamine (Neopyrithiamine) in Chicken Blood—Quantities of pyrithiamine 
(neopyrithiamine) ranging from 0.25 mg. to 2.5 mg. were incubated with 1 


cc. portions of heparinized chicken blood under the conditions described ' 


for the synthesis of cocarboxylase from thiamine in this same tissue. No 
thiamine, however, was added. The reaction mixtures were prepared for 
analysis by heating in the way previously described, 0.6 cc. aliquots of the 
neutralized, clear centrifugate were mixed with 0.5 y of cocarboxylase, and 
the coenzyme activity of such preparations was compared to that of 0.5 y 


of cocarboxylase mixed with 0.6 cc. of extract from blank blood.2 No ' 


differences were found. Therefore, it was concluded that a detectable en- 
zymatic synthesis of pyrithiamine pyrophosphate had not occurred and 
that the prevention of cocarboxylase synthesis from thiamine, which pyri- 
thiamine (neopyrithiamine). had been found to cause, was probably not 
ascribable to the formation of pyrithiamine pyrophosphate which then an- 
tagonized the action of cocarboxylase in the assay system. 

Cocarboxylase Levels in Livers of Mice under Influence of Pyrithiamine 
(Neopyrithiamine)—A group of seven weanling mice was caged separately 


and fed a highly purified ration (2) and supplied with 2 y of thiamine per — 


day. A second group of seven animals, fed in a similar manner, were each 
given 0.5 mg. of pyrithiamine (neopyrithiamine) orally on the Ist day 
of the experiment. The first mice served as the normal controls. When 
the signs of thiamine deficiency had progressed among the animals of the 
second group to the point of severe convulsions and inability to stand, or 
when death had ensued, the livers of each of the fourteen individuals were 
removed, rapidly cut into small pieces, weighed, and dropped into boiling 
water. The extracts so obtained were analyzed for cocarboxylase. The 
average content of the controls was 3.5 y per gm. of fresh liver, which agrees 
well with values in the literature for normal animals (5). The average 
content for the treated mice was 4 y per gm. of fresh liver. The cocar- 
boxylase was therefore not reduced. This was in contrast to the findings 
with thiamine-deficient animals, made so by dietary insufficiency (5). 
Effect of Pyrithiamine (Neopyrithiamine) on Mice Treated with Cocarboxy- 
lase—If the only effect of pyrithiamine (neopyrithiamine) were to prevent 
the synthesis of cocarboxylase from thiamine, the injection of the coen- 


2In some samples of blood an inhibitor to the activity of cocarboxylase was 
found. Thus when the blood was incubated and heated in the usual way, the ex- 
tract from it, when mixed with cocarboxylase, reduced slightly the activity of the 
coenzyme. Therefore, in experiments such as the one described above, it was neces- 
sary to control this unknown in the manner indicated, 
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zyme into mice treated with several lethal doses of the analogue should 
prevent, in a non-competitive fashion, the appearance of signs of toxicity. 
One qualification would apply here; namely, that the injected cocarboxyl- 
ase be not hydrolyzed by some enzyme system in the tissues before it 
reached the site of action. To explore this avenue, groups of six weanling 
mice were caged separately and fed the highly purified, thiamine-free ration 
(2). Amounts of pyrithiamine (neopyrithiamine), as indicated in Table 
IV, were given orally on the 1st day of the experiment, and the quantities 
of cocarboxylase and of thiamine were administered daily by intraperi- 
toneal injection. 

The data in Table IV will indicate clearly that cocarboxylase was more 
effective than thiamine in protecting animals which had received several 


TaBLe IV 


Injected Cocarboxylase Compared to Thiamine As Protection to Mice Treated 
with Several Lethal Doses of Pyrithiamine (Neopyrithiamine) 














Fe cree Thiamine Cocarboxylase | No. of animals Deaths Average survival 
mg. per mouse y per day y per day days 

0 2 0 6 0 

2 2 0 7 7 7 

0.5 2 0 7 7 9 

0.5 4 0 3 3 14 

2 0 1 6 6 13 

2 0 3 6 + | 12* 














* Calculated for those which died; survivors discontinued after 21 days. 


lethal doses of the analogue. However, the coenzyme did not overcome 
completely the harmful effects of largé doses of the analogue. If the action 
of the antimetabolite was only to prevent synthesis of cocarboxylase and 
if injected coenzyme was not destroyed, then no amount of pyrithiamine 
(neopyrithiamine) should have been toxic to animals receiving just enough 
cocarboxylase to meet daily requirements (about 3 +). 


DISCUSSION 


The results of this study indicate that pyrithiamine (neopyrithiamine) 
will, if present in sufficient concentration, cause inhibition of the synthesis 
of cocarboxylase from thiamine. However, the inherent complexity of the 
test system for the estimation of cocarboxylase introduces some uncertain- 
ties into the interpretation of the experimental findings, and these have 
been only partially resolved. For example, the observed inhibition of for- 
mation of cocarboxylase could conceivably be due to production of pyri- 
thiamine pyrophosphate from the antimetabolite. This derivative might 
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then interfere with the union of cocarboxylase and apocarboxylase. The 
result in the enzymatic test system for the coenzyme would thus be the 
same as if the retardation of the enzymatic synthesis of cocarboxylase from 
thiamine had taken place. The idea that pyrithiamine pyrophosphate is 
the real inhibitor is strengthened by the finding that synthetic pyrithia- | 
mine pyrophosphate actually does antagonize, in a reversible, competitive. 
fashion, the combination of cocarboxylase with its apoenzyme. Further- 
more, the inhibition index of this effect is of the same order of magnitude 
for yeast apoenzyme as it is for thiamine and pyrithiamine (neopyrithia- 
mine) measured from their influence on the growth of living yeast (1). 
This might lend support to the view that the biological effects of the anti- | 
vitamin are to be explained by its metabolic conversion to the pyrophos- 
phate, which then functions as indicated. In fact, pyrithiamine (neopyri- 
thiamine) is quantitatively less active as an inhibitor of cocarboxylase 
synthesis from thiamine by the chicken blood enzyme system than is an 
equal weight of pyrithiamine pyrophosphate acting against cocarboxylase. 


.This also may speak in favor of prior conversion to the pyrophosphate , 


before exertion of effect in vivo. A similar view of prior conversion of an 
antimetabolite to a phosphorylated active form has been argued for the 
case of desoxypyridoxine (13). 


However, several facts are not easy to reconcile to such a mechanism. 


(a) The chicken blood system could not be demonstrated to synthesize 
pyrithiamine pyrophosphate. This may have been due to the ability which 
the blood showed of destroying added pyrithiamine pyrophosphate. It 


would then be necessary to assume that pyrithiamine pyrophosphate is ' 


formed and tucked away in a resistant combination where it is safe from 
the destructive system and free to prevent the union of cocarboxylase and 
apocarboxylase. (b) The fact that animals dying from the effects of pyri- 
thiamine (neopyrithiamine) had a normal content of cocarboxylase in their 
livers would suggest that the antimetabolite had not been converted to 


pyrithiamine pyrophosphate which was responsible for the pharmacological ! 


manifestations. If this were the case, then the pyrophosphate would still 
inhibit the combination of éoenzyme and apoenzyme in the in vitro test 
for cocarboxylase. The result would be to indicate a reduced level of co- 
carboxylase in the sample, and this was not found. 

The view that pyrithiamine (neopyrithiamine) acts on living things by 
antagonizing the union of cocarboxylase with apocarboxylase seems to be 
untenable because no such interference could be demonstrated. 

The effect of pyrithiamine (neopyrithiamine) on living organisms prob- 
ably cannot be adequately explained on the basis of a competition between 
it and thiamine, the latter acting as a substrate for an enzyme system of 
which the product is cocarboxylase. Several facts point to this conclusion. 
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(a) Cocarboxylase in an amount just sufficient to protect a mouse from 
symptoms of thiamine deficiency will not nullify the action of large doses 
of pyrithiamine (neopyrithiamine). Counter to this it may be argued that 
injected cocarboxylase is readily destroyed in the tissues, and thus pre- 
vented from reaching its site of action. Such destruction actually. has been 
demonstrated in blood and in liver. (b) The cocarboxylase level in the 
livers of mice is not reduced when the animal is showing severe and fatal 
signs of pyrithiamine (neopyrithiamine) toxicity. If the antimetabolite 
were exerting its entire effect by the prevention of cocarboxylase synthesis, 
one would expect less of this coenzyme in the liver. (c) The amount of 
pyrithiamine (neopyrithiamine) which is needed to prevent cocarboxylase 
synthesis from thiamine in vitro by chicken blood is greater than would be 
expected from the inhibition index of the antimetabolite in vivo. Several 
objections to this contention could be raised, however. One is that, since 
free cocarboxylase is actively destroyed by the chicken blood system, much 
of the free cocarboxylase formed from the thiamine added is again de- 
stroyed, and only a small fraction which is protected, possibly by combi- 
nation with protein, is measured as being synthesized. This might also 
explain the low percentage conversion of vitamin to coenzyme in the sys- 
tem studied. A similar picture of formation and destruction in yeast has 
been proposed earlier by Westenbrink and Veldman (14). If this is the 
case, then the inhibition of synthesis which pyrithiamine (neopyrithiamine) 
causes is being measured under rather unfavorable conditions. 

The present investigation may have missed the real site of action of 
pyrithiamine (neopyrithiamine) in living things. It is possible that the 
antimetabolite interferes primarily in some vital function of thiamine not 
related directly to the carboxylase system, and that its effects in the latter 
may be of secondary importance. If such systems are discovered, it will 
be possible to examine this idea. 


SUMMARY 


In an effort to understand the mode of action of pyrithiamine (neopyri- 
thiamine) on living things, the synthesis of cocarboxylase from thiamine 
was studied in the blood of normal chickens, and in fractions prepared from 
it in such a way as to be free of living cells. This synthesis was inhibited 
by the antimetabolite in a manner which suggested that it was competitive. 
Pyrithiamine (neopyrithiamine), even in large amounts, did not retard the 
combination of cocarboxylase with yeast apocarboxylase. Synthetic pyri- 
thiamine pyrophosphate, however, did antagonize the union of coenzyme 
with apoenzyme, and, if sufficient cocarboxylase was present to approach 
saturation of the protein, the antagonism was competitive in nature. No 
evidence of the enzymatic formation of pyrithiamine pyrophosphate by 
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chicken blood could be found, but since the blood actively destroyed the 
synthetic compound added to it, the possibility of this enzymatic conver. 
sion could not be excluded. Because the blood likewise destroyed added 
cocarboxylase, the coenzyme which was observed to be formed from thia- 
mine was pictured as being in some way protected from the destructive 
agent, possibly by combination with some component of the enzyme sys.’ 
tem. No means of preventing this cleavage of free cocarboxylase was 
found. Attention was given to the question of whether the observed inhi- 
bition of cocarboxylase formation was ascribable to a direct antagonism 
with thiamine acting as the substrate, or whether the metabolic production 
of pyrithiamine pyrophosphate occurred and this compound then inter- 
fered with the union of cocarboxylase and apocarboxylase. No clear evi-' 
dence in favor of the latter mechanism was found, and some experimental 
observations were against it. The possibility was considered that the in- 
hibition of cocarboxylase synthesis by pyrithiamine (neopyrithiamine) was 
of secondary importance in an explanation of the mode of action of this 
antimetabolite on living things. Because the amount of pyrithiamine (neo- 
_pyrithiamine) required to inhibit the synthesis of cocarboxylase from thia-’ 
mine was large when compared to the amount needed to affect an intact 
animal, the possibility was entertained that some other function of thia- 
mine was the primary point of action of the analogue. 
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UTILIZATION OF GUANINE FOR NUCLEIC ACID 
BIOSYNTHESIS BY TETRAHYMENA GELEII* 


By MARTIN FLAVIN{ anp SAMUEL GRAFF 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York, New York) 


(Received for publication, January 26, 1951) 


As a result of the investigations of Kidder and coworkers, it has re- 
cently become possible to grow the ciliated protozoan Tetrahymena geleti 
in a culture medium which is of chemically known composition (1, 2), as 
well as free of other microorganisms. Interest was aroused by similarities 
in its requirements for amino acids (2, 3) and vitamins (4) to those of the 
mammal, although differences have been reported (5-8). Unlike the 
higher animals, however, this animal microorganism was found to have 
an absolute growth requirement for purines and pyrimidines (9), and, in 
view of the fact that guanine is not utilized by the rat for nucleic acid 
purines (10), the observation in this organism that, of the naturally oc- 
curring purines, only guanine and its nucleoside and nucleotide would 
support growth was of interest from the point of view of nucleic acid 
biosynthesis. 

The question remained whether the requirement for guanine reflected 
an inability of the organism to synthesize nucleic acid purines from sim- 
pler molecules, or whether the guanine was utilized for some other pur- 
pose. The possibilities also existed that, even if the guanine were in- 
corporated into nucleic acids, it might appear only in the guanine moiety, 
and not in the adenine moiety, or even that it might be utilized for one 
type of nucleic acid and not another, as has been suggested with regard 
to the incorporation of adenine into rat nucleic acids (11). It therefore 
seemed desirable to grow the organism in the presence of isotopically 
labeled guanine, and to determine the incorporation of isotope into nucleic 
acid adenine and guanine. 

EXPERIMENTAL 


Microbiological—The organisms were grown in the culture medium of 
Kidder and Dewey (2)! at 25° in the dark for 14 days. Preliminary 


* From a dissertation to be presented by M. Flavin to the Graduate School of 
Columbia University, in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. 

+ Postdoctoral Research Fellow of the National Cancer Institute, United States 
Public Health Service. , 

1 The Protogen was made available to us by Dr. E. L. R. Stokstad of the Lederle 
Laboratories Division, American Cyanamid Company. 
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studies revealed that strain H (12),? used in these experiments, required 
both pyrimidines and purines, but half maximum growth was obtained 
with only 1 y per ml. of uracil and 1.5 to 2 y of guanine, compared with 
8.5 y per ml. reported for the latter for strain W (9). Guanylic acid was 
found as effective as guanine on a molar basis. The amount of guanine 


required was of the same magnitude as the total nucleic acid purines ' 


which could be isolated from the full grown culture. A trichloroacetic 
acid extract (13) of the washed organisms from a liter of medium con- 
taining 5 to 6 mg. of guanine showed, by comparison of its ultraviolet 
absorption spectrum with that of a similar extract of purified yeast nu- 


TaBLeE I 
Fractions Isolated from T. geleit Grown in Medium Containing, As Only Purine, 4 y 
per ML. of C4-Labeled Guanine 














Amount | Amount of | Sues | administered 
mg. mg. C.p.m, 
. Guanine administered......... 10.0 3.97 5760 100 
Fraction isolated 
Washed, dried organisms....| 422 188 73 58 
lst acid washing, material 
pptd. with Cu.0........... 2.8 67 1 
Ethanol-ether washings........ 380 190 5 4 
Acid-extracted residue......... 190 90 0 0 
Nucleic acid guanine.......... 0.85 0.34 4900 ORG 
e “ adenine.......... 0.93 0.41 4100 7.4 











cleic acid, the presence of about 16 mg. of nucleic acid or 3 to 4 mg. of 
nucleic acid purines. 

2.5 liters of medium were prepared containing 12.5 mg. of uracil and 
10 mg. of 8-C*-guanine’ as the only purine, a growth-limiting level which 
it was thought would minimize possible non-essential metabolic pathways 
and perhaps avoid adsorption of guanine on the organisms. After reach- 
ing full growth (170 to 200 organisms per c.mm.), the cells were centri- 
fuged in a cold room at 0-2°, broken up in a Waring blendor with 25 ml. 
of 5 per cent trichloroacetic acid, and washed five successive times with 
5 per cent trichloroacetic acid, once with water, four times with alcohol, 
and twice with ether. The absence of ultraviolet-absorbing material in 
the last three acid washings and the presence in the first of some C™ 
compounds precipitable with cuprous oxide (Table I) are consistent with 

2 Kindly supplied to us by Professor F. J. Ryan of Columbia University, to whom 


we are also indebted for assistance with microbiological techniques. 
> Part of a batch, the synthesis of which has been reported (14). 
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lired the view that this procedure removes adsorbed and acid-soluble purine 

‘ined components. 

with Isolation of Nucleic Acid Purines—Since a variety of methods for the 
was extraction and purification of polymerized nucleic acid had proved un- 

nine —suecessful, the dried, homogenized organisms were treated with 1 n HCl 
rines’ for 1 hour at 100°, the protein residue removed, and the purines isolated 
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ana TUBE NUMBER 

eee Fig. 1. Twenty-four transfer counter-current distribution of nucleic acid purines 
hich from 7’. geleit, grown in the presence of C-labeled guanine. The solid line with 
WAYS . points represents optical density at 260 my; the dash line, the theoretical distribution 
1ach- for guanine and adenine; the straight lines, the amount of C™ present. 


ntri- from the extract by a modification of the method of Graff and Maculla 


‘ mo (15). After the cuprous purines had been precipitated and dissolved a 
ry second time, copper was removed with H,S, and the purines subjected to 
‘ oi twenty-four transfers in a twenty-five tube counter-current distribution 
al in 


cu apparatus between n-butanol and 1 m phosphate buffer at pH 6.50, as 
ia described by Tinker and Brown (16). The result is shown in Fig. 1, 
with where the optical density at 260 mu has been plotted for each tube, a 
vhom _ theoretical curve for guanine and adenine has been matched to the ob- 
served curve (17), and the amount of isotope in various fractions (of 
several adjacent tubes) is superimposed. 
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Peaks are seen in Tubes 7 and 18, as predicted for guanine and adenine, 
and, except for the end tubes, which showed non-specific absorption 
spectra, a reasonable correspondence to the theoretical curve is evident 
in view of the errors in reading low purine absorptions in a strongly ab- 
sorbing butanol solution. The validity of the method (16-20) was borne 


out by determining partition coefficients and ultraviolet absorption spec- | 


tra on each tube and the amount of Cin each. For the latter, 1.25 mg. 
of carrier purine were added per tube, the pH adjusted to 4, alcohol azeo- 
tropes evaporated, and purine precipitated from the aqueous solution 
with Cu,O. The results are shown in Fig. 1 as counts per minute of 
BaCOs, and directly represent the amount of isotope present. All samples 


were counted as BaCO;, corrected when necessary to infinite thickness | 


with a thin mica end window Geiger-Miiller counter and to a standard 
error of 2 per cent, except in the case of samples of low activity. Except 
for a little discrepancy in Tubes 0 and 1, which may be due to acciden- 
tal contamination or to a little unhydrolyzed purine nucleotide, the ra- 
dioactivity curve clearly parallels the theoretical purine curve. 

For the specific activities of nucleic acid guanine and adenine (Table I), 
Tubes 6 to 9 and Tubes 17 to 20 were selected, and the counts corrected 
for carrier, by means of the extinction coefficients at 260 mu in this sol- 
vent (3 ml. of 40 per cent ethanol to 1 ml. of each phase), which were 
found, with purified synthetic samples, to be 49 for guanine and 100 for 
adenine. The values in Table I also include a correction of about 20 per 
cent for non-purine carbon precipitated from the distributing solvents by 
cuprous oxide. The amount of isotope in the distribution (Fig. 1) is 
equal within 2 per cent to that calculated from the corrected specific 
activities (Table I). 

The fact that only one-quarter of the isotope in the dried organisms 
was found in the distributed purines may be attributed to an indeter- 
minate adsorption of purines on the sulfides, which are filtered just prior 
to distribution (15), and does not indicate the presence of non-purine 
labeled compounds. 

The specific activities of nucleic acid adenine and guanine from T'etra- 
hymena grown in the presence of labeled guanine were thus found to be 71 
and 85 per cent, respectively, of the activity of the original guanine. In 
view of errors mentioned, the possibility may not be precluded of the 
true values being as high as 100 per cent. 


DISCUSSION 


The data show that guanine can be the major and probably the only 
precursor of nucleic acid guanine and adenine in Tetrahymena. The 
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nine, slightly lower activity of the adenine may be related to the presence of 
tion impurities in the higher tubes of this fraction, as indicated by slight dis- 
dent placement of the absorption peaks toward lower wave-lengths. Although 
‘ab- significant dilution by unlabeled guanine derivatives in the medium is 
orne yuled out by bioassay with Tetrahymena, which will not grow without 
spec- | added guanine, small amounts of adenine or hypoxanthine could be pres- 
mg. ent and escape detection, as they give no growth alone. Such contami- 
izeo- nants could contribute to the lower activity of the adenine isolated if 
ition these compounds were incorporated into nucleic acid adenine. 
e of The protein residue contained no isotope, and the cold acid and ether- 
iples soluble fractions only negligible amounts. The presence of isotope in 
ness | non-purine constituents of the hot acid extract and in the culture medium 
dard | (a lyophilized aliquot was inactive) could not be determined because of 
cept | carbon dilution. Respiratory gases were not collected. However, the 
den- | growth requirement for guanine is clearly reflected in its incorporation 
' ra- into nucleic acid purines, and it is improbable that it has any other es- 
sential metabolic function in the organism. 
e I), The biosynthesis of nucleic acid purines in Tetrahymena differs strik- 
cted ingly from that in rodents and the pigeon, in which guanine is not in- 
sol-  corporated into either guanine or adenine (10), but in which adenine is 
were incorporated into both (21) and in which the major precursors appear to 
) for be simpler metabolites (11, 22-24). Since the pH of the culture medium 
)per was 6.8, the utilization of guanine does not appear to have been related 
s by to a greater solubility in the culture medium than in mammalian body 
|) is + fluids. This finding in Tetrahymenat may provide a tool for the study of 
cific problems in intermediary purine metabolism, such as the mechanism of 
growth inhibition by 5-amino-7-hydroxy-1H-v-triazolo[d]pyrimidine (8-aza- 
isms guanine) (27) and the interconversions of adenine and guanine. As a 
eter- preliminary investigation in the latter direction, the incorporation of 
rior labeled adenine into nucleic acid purines of Tetrahymena is being deter- 
irine + mined.’ Of particular interest are some compounds, adenine and hy- 
poxanthine, which have been reported to spare guanine, and 1-methylgua- 

ctra- nine, 1-methylxanthine, 2,6-diaminopurine, and 8-methylguanine, which 
e 71 apparently replace it (9). 

In The separate determination of guanine incorporation into desoxyribose 


the : i os 
4 After this paper was submitted for publication, reports appeared of the utiliza- 


tion of guanine for nucleic acid biosynthesis by yeast (25) and by Lactobacillus 
caset (26). 

5 Another compound of interest in this connection, 4-amino-5-imidazolecarbox- 
only amide (28), has been found in this laboratory to be inert with regard to the growth 
The al for purines of Tetrahymena (Engelman, M., and Flavin, M., unpublished 

results). 
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nucleic acid and ribose nucleic acid, as well as the use of Tetrahymena for 
the biosynthesis of purine nucleotides labeled in a single position, is con- 
tingent on the purification of polymerized nucleic acid. 


The authors wish to acknowledge the advice and assistance of Dr. 
Morris Engelman in these experiments. 


SUMMARY 


The growth requirements for purines and pyrimidines by Tetrahymena 
geleit have been confirmed for strain H. Half maximum growth is ob- 
tained with 1 y of uracil and with 1.5 to 2 y of guanine per ml. of medium. 

From T’. geleit, grown in the absence of purines except for 8-C**-guanine, 
nucleic acid adenine and guanine were isolated with specific activities 71 
and 85 per cent, respectively, of the original guanine. 

T. geleit H converts guanine to adenine and can utilize guanine in the 
biosynthesis of nucleic acid as the major, and possibly the only, source 
of both purines. 
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THE VERATRINE ALKALOIDS 
XXXI. THE STRUCTURE OF ISORUBIJERVINE 


By YOSHIO SATO anp WALTER A. JACOBS 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York, New York) 


(Received for publication, February 10, 1951) 


Isorubijervine obtained either from Veratrum album (1) or Veratrum 
viride (2) has the formula C27H4302N and is isomeric with rubijervine. It 
contains a double bond and can be hydrogenated to the dihydro derivative 
with platinum oxide in methanol containing acetic acid. It has been as- 
sumed to contain two hydroxy] groups; one of these has already been shown 
by the formation of a digitonide (3) and by the transformations of the base 
(2) to be secondary and situated on the usual carbon atom 3, with a 6 con- 
figuration. ‘The base was at first thought to be an epimer of rubijervine, 
but the position and character of the assumed second hydroxyl group were 
not established. 

More recent work has verified the presence of two hydroxyl groups by 
the ready formation of diacyl derivatives, and, in contrast to rubijervine 
(4), one of these is of primary character. The trivial name isorubijervine 
is therefore a misnomer but is retained to avoid the confusion attending 
any change. Benzoylation of isorubijervine yields the monobenzoate and 
the dibenzoate, in ratios varying with the conditions. Dihydroisorubijer- 
vine behaves in an analogous manner. Heating with excess acetic anhy- 
dride gives dthydrotsorubijervine diacetate almost exclusively, while by gent- 
ler treatment with slight excess of ‘reagent the monoacetate is the main 
product. The nature of the second hydroxyl group was shown by oxida- 
tion. When dihydroisorubijervine was treated with excess chromic acid, a 
crystalline substance was obtained which corresponded to a keto acid, 
CxH4,03N, on analysis. The sparing solubility of its salts interfered some- 
what with the direct demonstration of its acid character. As discussed 
below, this acid should be solanidane-3-one-13-carboxylic acid. The acid 
forms a crystalline oxime and an amorphous semicarbazone, and with dia- 
zomethane a crystalline methyl ester. This ester proved very difficult to 
saponify and was recovered unchanged after being refluxed with 1.26 N 
alkali (1 ec. in 4 ee. of methanol) for about 5 hours. When more vigor- 
ously treated, there was partial conversion into unidentified substances, 
but the parent keto acid was not recovered. 

A further result to be expected from the fact that it is a keto acid was 
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obtained by the lithium aluminum hydride reduction (5) of the keto ester, 
With this reagent it was reduced to the original dihydroisorubijervine in 


Iso 
good yield, along with an unidentified substance, possibly the epimer. of be 
The keto acid was also obtained through the following circuitous route, chlor’ 
The monoacetate of dihydroisorubijervine was readily oxidized with chro- _ytes. 
mic acid to the keto monoacetate (solanidane-3-one-18-ol acetate). A test were 
with 2 ,4-dinitrophenylhydrazine, as well as the ultraviolet absorption spec- _btai 
trum, confirmed the presence of the carbonyl group. After hydrolysis of alum 
the keto acetate with methanolic KOH to the keto alcohol solanidane-3 from 
one-18-ol, it was oxidized with excess chromic acid to a substance which 
was indistinguishable from the above keto acid. Although the yield was 
too small to permit of analysis, a mixed melting point with the keto acid Isc 
obtained directly showed no depression. With dihydroisorubijervine,  , mj 
therefore, the primary hydroxyl group is the more readily acetylated of ghior 
the two. obtai 
Although in the present work isorubijervine has not been transformed — gjym 
like rubijervine into a known solanidine derivative, the data at hand are, peng 
best explained by the assumption of the same general structure and con- geet, 
figuration. For the primary alcoholic group there are only a few points of 
its attachment which can be considered, namely, Cis, Cy, Co, and Co. Of 
these positions Cig and Cio are the most probable, since the oxidation prod- D, 
uct forms an ester which is exceedingly difficult to saponify, a charac- jervi 
teristic of tertiary carboxylic esters. This resistance to hydrolysis was in wee 
turn greater than that experienced with many of the derivatives of stro- oidi 
phanthidin, which contain an angular lactone or ester group on carbon with 
atom 10 (6). It appears that a carbomethoxyl on carbon 13 explains the crys 
greater stability, especially as a contributing effect is to be expected from pag 


the vicinal side chain on carbon 17. Moreover, the fact that the selenium 
dehydrogenation of isorubijervine has yielded 1,2-cyclopentenophenan- 
threne (2) instead of the usual Diels’ hydrocarbon could also be explained D 
by the fact that the CH,OH does not function like the usual angular ' , 
methyl group and is removed during the dehydrogenation. From these a 
considerations the following structure has been derived for isorubijervine on 


which is that of A®-solanidene-3(8) ,18-diol, Formula I. 
os desi 
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EXPERIMENTAL 


Isorubijervine Dibenzoate—A solution of 100 mg. of isorubijervine in 2 cc. 
of benzene and 2 ce. of dry pyridine was treated with 0.12 cc. of benzoyl 
chloride, and the mixture was heated in an oil bath at 115-125° for 75 min- 
utes. After removal of the solvent in vacuo, water and dilute ammonia 
were added. The base was extracted with chloroform, and the residue 
obtained by concentration was chromatographed in benzene over 6 gm. of 
alumina. The dibenzoate was eluted with benzene and was crystallized 
from acetone as long needles or rods which melted at 220-223°. 


CuH;,0,.N. Calculated, C 79.19, H 8.27; found, C 79.24, H 8.18 


Isorubijervine Monobenzoate—A solution of 500 mg. of isorubijervine in 
a mixture of 5 cc. of benzene, 5 cc. of pyridine, and 0.3 cc. of benzoyl 
chloride was warmed for 1 hour in a bath at about 100°. The product, 
obtained, as in the previous case, was chromatographed over 25 gm. of 
alumina. Elution with benzene yielded at first the dibenzoate; the mono- 
benzoate, then eluted with benzene-ether (1:1), crystallized from dilute 
acetone as needles which melted at 188-190°. 


Cs4HyzO3N. Calculated, C 78.87, H 9.15; found, C 78.64, H 9.32 


Dihydroisorubijervine Diacetate—A solution of 160 mg. of dihydroisorubi- 
jervine in 5 cc. of acetic anhydride was refluxed for 1 hour. The solvent 
was removed in vacuo and water was added to the oily residue. After 
addition of dilute ammonia the resulting copious precipitate was extracted 
with chloroform. Removal of solvent left a viscous oil which gradually 
crystallized from dilute methanol. It formed long, stout rods which melted 
at 161—164°. 


CsiH4,O.N. Calculated, C 74.49, H 9.89; found, Cc 74.67, H 9.93 


Dihydroisorubijervine-18-acetate—To 330 mg. of dihydroisorubijervine sus- 
pended in 5 cc. of dry benzene, 0.1 cc. (1.3 mole) of acetic anhydride was 
added. Warming caused solution and the mixture was refluxed in the 
bath at 100° for 1 hour. The product was treated in the usual manner 
and chromatographed from benzene through 10 gm. of alumina. The 
desired monoacetate was eluted partly with benzene and partly with ben- 
zene-ether (9:1). It formed long needles from dilute ethanol and melted 
at 179-182°. From about 50 per cent methanol it separated as nee- 
dles, which melted at 100-103°, then resolidified, and melted at 169-180°. 

For analysis it was dried at 110° and 0.2 mm. 

CosHyO3N. Calculated. C 76.10, H 10.35 


Found. (a) ‘ 75.76, “ 10.51 
(b) ** 75.98, ‘* 10.22 
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Solanidane-3-one-13-carboxylic Acid—Although the oxidation of dihydro- 
isorubijervine proceeded with chromic oxide without H:SO,, the results 
varied with the conditions used, and it was found more advantageous to 
use Kiliani’s solution.! 

A solution of 0.1 gm. of the dihydro base in a mixture of 1 ce. of H2O and 
9 cc. of acetic acid was treated gradually with 0.6 cc. of Kiliani’s solution. 
A transient cloudiness formed, with deepening in color and separation of 
salts. Although the reagent was in excess after 15 minutes, an additional 
0.5 cc. of reagent was added. After standing at about 25° for 3 hours, the 
diluted mixture was extracted with chloroform. The latter was washed 
successively with H,O, dilute NayCO;, and H,O and then dried and con- 
centrated. The residue crystallized from acetone as micro leaflets, which 
were largely six-sided or kite-shaped and melted at 286-288° with decom- 
position. It was soluble in dilute HCl and also in dilute acetic acid. In 
aqueous suspension it was difficult to dissolve with dilute NaOH because 
of the sparing solubility of the salt. A suspension in warm HO gradually 
cleared on addition of just sufficient NaOH and gelatinized on further addi- 


tion of alkali or Na,CO; solution. It did not dissolve in dilute ammonina. ’ 


In dilute acetic acid solution it failed to react with sodium nitrite and gave 
no Legal reaction. 


[a] = +49° (c = 0.88 in 95% ethanol) 
CxHu0;N. Calculated. C 75.83, H 9.67 
Found. (a) “ 75.87, 9.57 
(b) ‘* 75.59, ‘* 9.48 


The Oxime—A solution of 40 mg. of the keto acid in methanol was re- 
fluxed with hydroxylamine hydrochloride and excess Na acetate, for 5 
hours. The sparingly soluble microcrystalline product weighted 36 mg. 
When suspended in 50°per cent ethanol, it readily dissolved on addition of 
just enough dilute NaOH and crystallized again on reacidification with 
acetic acid. In aqueous suspension it did not dissolve with NaOH because 
of the sparing solubility of the salt. It was not soluble in dilute ammonia 
but dissolved in dilute HCl or excess acetic acid. It gradually changed 
in appearance but showed no real melting point when heated to 360°. 


C27Hw2O2Ne2. Calculated, C 73.24, H 9.57; found, C 73.27, H 9.50 


The semicarbazone was similarly prepared from the keto acid and semi- 
carbazide acetate in ethanol by refluxing for several hours. The concen- 
trated mixture, when dissolved in H,O followed by addition of ammonia, 
yielded a gelatinous product, which was extracted with chloroform. Re- 


1 This is a solution of 53 gm. of CrO; and 80 gm. of H.SO, in 400 gm. of H,0. 
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moval of the solvent and treatment with ether yielded the amorphous 
substance which could not be crystallized. 


CosHuO3N4. Calculated, N 11.56; found, N 10.71 


The Methyl Ester—A partly dissolved suspension of 100 mg. of the keto 
acid in acetone containing a small amount of methanol was treated with 
excess diazomethane. Solution was gradual and incomplete, leaving some 
amorphous substance. The semicrystalline mass recovered after removal 
of the solvent was chromatographed from benzene over 5 gm. of alumina. 
The ester was eluted with benzene and crystallized as flat rods or plates 
from dilute acetone. It melted at 162—167° with preliminary softening. 


[a]? = +77° (c = 0.26 in chloroform) 
CogHy303N. Calculated. C 76.15, H 9.82, —OCH; 7.03 
Found. ** 76.03, ‘* 9.80, 6.67 


15.9 mg. of the ester were dissolved in 0.892 cc. of 1.262 n NaOH, with 
the aid of 4 cc. of methanol. This was refluxed in a bath at 110° for 15 
minutes. An aliquot titrated with HCl showed no alkali consumption. A 
sample after 43 hours likewise showed no alkali consumption. Practically 
all of the original keto ester was recovered from the mixture. 

Solanidane-3-one-18-ol Acetate—83 mg. of the monoacetate of dihydro- 
isorubijervine were dissolved in 5 ce. of acetic acid and gradually treated 
with 56 mg. of CrO; dissolved in 3 cc. of 80 per cent acetic acid. A pre- 
cipitate formed but soon dissolved on stirring. After addition of 2 cc. of 
80 per cent acetic acid, the mixture was kept at room temperature for 70 
minutes. It was diluted with H,O and extracted with chloroform. The 
extract was washed with H,O, dilute NaHCO, solution, and again with 
H.O. Removal of the solvent left a residue which crystallized in dilute 
ethanol as short rods. It melted at 174-177°, was insoluble in 5 per cent 
NaOH, and yielded an insoluble 2,4-dinitrophenylhydrazone. An ultra- 
violet absorption spectrum of the compound in ethanol showed a carbonyl 
band (maximum 280 my, log e = 1.44). 


CooH4s03N. Calculated, C 76.44, H 9.96; found, C 76.44, H 9.99 


Solanidane-3-one-18-ol—About 65 mg. of the crude oxidation product 
were dissolved in 10 ce. of 1 per cent methanolic KOH and refluxed gently 
for 30 minutes. After removal of the solvent under diminished pressure, 
platelets crystallized. It melted at 217-222°, and the ultraviolet absorp- 
tion spectrum closely resembled that of the acetate. 


Co7HyO2N. Calculated, C 78.40, H 10.53; found, C 78.01, H 10.48 
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Oxidation of Solanidane-3-one-18-ol—A solution of 29 mg. of the mono- 
keto derivative in 2 cc. of acetic acid was treated with 2 cc. of a solution of 
18.3 mg. of CrO ; in 80 per cent acetic acid. The mixture, after standing 
at room temperature for 13 hours, was worked up in the usual manner, 
The 25 mg. of crude product were recrystallized from acetone and yielded 
8 mg. of crystalline platelets which melted at 254-266° (decomposition), 
The mother liquor on concentration yielded a partly crystalline residue 
which possessed a low melting point (220-228°) and appeared to be un- 
changed starting substance. This material was again treated with excess 
CrO; in 80 per cent acetic acid and allowed to remain at room temperature 
overnight. From the resulting diluted mixture about 5 mg. of substance 
were extracted, which crystallized from acetone to form platelets. This 
melted with decomposition at 279-284°; a mixed melting point with the 
above keto acid obtained directly from dihydroisorubijervine melted at 
279-285°. 

Reduction of Keto Ester with Lithium Aluminum Hydride—A solution of 
235 mg. of lithium aluminum hydride in 25 ce. of dry ether was added to a 
’ stirred solution of 115 mg. of keto ester in 10 cc. of dry ether during 15 min- 
utes. The mixture was gently refluxed for 30 minutes, whereupon 5 cc. of 
water were cautiously added, followed by 30 cc. of N H:SO,. The ethereal 
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layer, washed with dilute ammonia and water, yielded on concentration — 


only a negligible residue. The clear aqueous phase was made alkaline with 
dilute ammonia and the copious precipitate was extracted with chloroform. 
After removal of solvent about 90 mg. of partly crystalline material re- 
mained. This was dissolved in acetone-ether (1:1) with slight warming 
and gradually crystallized. 30 mg. of heavy compact crystals, which 
melted at 247-248° with preliminary sintering, were collected. A recrys- 
tallized sample, when heated under the microscope, gradually changed into 
small compact six-sided crystals and melted at 249-251° with some previous 


sintering. A mixed melting point with dihydroisorubijervine showed no 
depression. 


C27His02N. Calculated, C 78.01, H 10.92; found, C 77.94, H 10.78 


The mother liquor was concentrated to dryness. The residue yielded 
from methanol two. forms: feathery needles, which melted at about 190- 
210° and the above compact prisms melting at 235-247°. No attempt was 
made at a further separation of the lower melting form, which was possibly 
the epimer. 


All of the analytical data have been furnished by Mr. D. Rigakos of this 
laboratory. 
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SUMMARY 


Dihydroisorubijervine on oxidation yields a keto acid, CxHaO3N, which 
was characterized by an oxime and a methyl ester. The resistance of the 
latter to saponification and other data have furnished strong evidence that 
in isorubijervine, which possesses the usual 3(8)-hydroxyl group, there oc- 
curs a primary hydroxyl group on the second angular methyl group. In 
accordance with this it would be A®-solanidene-3(@) ,18-diol. A number of 
derivatives and transformations have been made which are consistent with 
this conclusion. 
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THE VERATRINE ALKALOIDS 
XXXII. THE STRUCTURE OF VERATRAMINE 


By WALTER A. JACOBS anp YOSHIO SATO 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York, New York) 


(Received for publication, February 20, 1951) 


Veratramine, Co7H302N, has been shown (1, 2) to be an unsaturated 
secondary base with two acylatable hydroxyl groups and with at least 
one double bond demonstrable by its hydrogenation to dihydroveratra- 
mine. Three other points of unsaturation have been inferred from its 
composition and the benzenoid character of its ultraviolet absorption 
spectrum. A similar curve obtained with the dihydro derivative has 
shown that the reactive double bond is not conjugated with the benzene 
ring. The general steroid structure of veratramine is suggested by its 
empirical formula and by its association with other steroid bases. How- 
ever, some modification of such a structure is required to permit a ben- 
zenoid ring, such as a simple rearrangement of an angular methyl group 
or, among other possibilities, its participation in a ring D enlargement. 

Of the two hydroxyl groups the position of one on C23 has been made 
fairly certain by the isolation of 3-methyl-5-hydroxypyridine (3) from the 
dehydrogenation products of veratramine. As presented below, the iden- 
tity of this product has since been confirmed by synthesis. The remaining 
hydroxyl group has been assumed to be the usual 3-hydroxyl by analogy 
between the veratramine glucoside veratrosine (4) and the jervine glu- 
coside, pseudojervine. Other evidence for the 3 position has now been 
obtained. 

Although our earlier attempt to apply the Oppenauer method to vera- 
tramine miscarried, we have since succeeded in using this method for its 
conversion to what may be interpreted as the a,8-unsaturated ketone, 
A‘-veratramin-3-one. This interpretation is supported by the ultraviolet 
absorption spectra curves, Fig. 1. Although the ketone, which was sepa- 
rated through alumina, was not obtained as the crystalline base, it was 
readily characterized as the crystalline hydrochloride. The presence of a 
CO group was confirmed by the formation of an oxime, which was not 
obtained in crystalline form. With aluminum isopropoxide the ketone 
was reduced to a crystalline derivative, presumably A‘-veratramine, which 
also yielded a crystalline hydrochloride and gave an absorption spectrum 
curve (Fig. 1) similar to that of veratramine. In contrast to the latter, 
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it gave with trichloroacetic acid a dull purple color resembling that ob- 
tained with A‘-stenols. This product was possibly a mixture of the | 
3(a)- and 3(8)-hydroxy epimers and a separation was not attempted. 

In the above transformations it appeared that the hydroxyl on C.; re- } 
mained unaffected. Its secondary character, however, was shown in 
studies with dihydroveratramine, in which it again appeared to be les | 
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readily oxidized than the 3-hydroxyl group. With aluminum ¢ert-butox- 
ide, which can be assumed to act as it does with veratramine, only di- 
hydroveratramin-3-one ([a], = +58.9°) was obtained. The same mono- 
keto base was also obtained as the first product of the action of chromic 
oxide on the dihydro base ([a], = +53.6°). The ultraviolet absorption 
curve is shown in Fig. 2. The substance yielded an oxime which did not 
crystallize as the free base but formed a crystalline hydrochloride. On 
acylation a diacetyldihydroveratramin-3-one was obtained, as is consist- 
ent with the retention of the 23-hydroxyl group. This derivative did 
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not crystallize, but on saponification gave a crystalline N-acetyldihydro- 
veratramin-3-one. 

The difference in the observed molecular rotation between dihydrovera- 
tramin-3-one ({a], = +53.6°) and dihydroveratramine ([a], = + 27.4°) 
is about +108°, while the recorded increment, on going from a 3(§)- 
stanol to a 3-stanone, is about +73° (5). This is a difference which will 
require ultimate clarification. The marked dextro change in rotation on 
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Fig. 2. @, dihydroveratramin-3-one; O, dihydroveratramin-3,23-dione; +, di- 
hydroveratramine; in ethanol. 


passing from veratramine of [a], = —69° to its A*-ketone of [a], = +69° 
is suggestive of what has been experienced with A‘-3-stenones obtained 
from A5-3(8)-stenols. 

More vigorous oxidation of dihydroveratramine with chromic oxide 
yielded the diketo derivative dithydroveratramin-3 ,23-dione which was 
separated through alumina and isolated first as the hydrochloride. The 
absorption spectrum curve obtained with it is shown in Fig. 2. Attempts 
to obtain a dioxime from this substance proved unsatisfactory. The 
product isolated was amorphous and the figure of 7.75 for N (the average 
of two preparations) lies between the figures calculated for a monooxime 
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and a dioxime, 6.63 and 9.61 respectively. This result indicates a hin. | 
dered character for the 23-carbonyl group as it occurs in the veratramine | 
derivative. In many alkylated 3-ketopyrrolidine and ketopiperidine de- 
rivatives, however, oximes have been recorded and seem to be formed 
without difficulty. It appears that the hindered reactivity on carbon 23 
observed in veratramine may be caused by the other structural features | 
present in the latter and it is desirable to make a subsequent check on 
such lack of reactivity on model substances. 

Since veratramine on dehydrogenation yields 3-methyl-5-hydroxypyri- 


dine and not the 3-methyl-6-ethyl-5-hydroxypyridine obtained from jer- } 


vine, and since there was no evidence of the formation of an amount of 
methylethylpyridine such as is observed with other veratrine bases, it is 
possible that its benzenoid structure may be responsible. To explain 
these observations, the structure as shown in Formula I has been under 


HO CH3 
CH: 
Cc CH3 
ree 


consideration, in which ring D has become enlarged and benzenoid by 
participation of the angular methyl group. The usual side chain attached 
to this ring could on dehydrogenation adhere to the latter and the rupture 
would occur between Cx and C22. The resulting basic side chain frag- 
ment would be a {-picoline derivative as obtained. The participation of 
the angular group (6) in the production of a new ring has been suggested 
to explain the formation of certain hydrocarbons under the conditions of 


I 


high temperature dehydrogenation. It is not certain, however, whether > 


or how such a ring enlargement is possible under biological conditions, 
and further work is necessary to verify the correctness of this structure. 
The hindered character observed with the second carbonyl group in 
the diketone has now reopened the question of the interpretation of the 
inert carbonyl group of jervine. In the latter this has been placed ten- 
tatively on Ci,' but in the highly substituted piperidine side chain its 
inertness could possibly also be explained now by its involvement of C3. 
In such a case, the double bond conjugated with it could be a A?°° or 
A* bond and it is possible that the assumed oxidic group of jervine is to 
be found elsewhere than on the side chain. Reinvestigation of these 
1 In a personal communication Professor L. F. Fieser of Harvard University has 


questioned the correctness of placing the CO at Cu, on the basis of studies in his 
laboratory. 
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points with jervine is now in progress and it is planned to discuss in a 
later paper other data which have been obtained. 

Before the above observations had been made with veratramine, the 
attempt was made to determine directly a position for the reactive double 
bond which would be compatible with a regular steroid cyclopentanoper- 
hydrophenanthrene ring system. By oxidation of triacetylveratramine 
with perbenzoic acid an oxido derivative, C33H4;0sN, was obtained which 
can be interpreted as triacetyl-5 ,6-oxidoveratramine. ‘The findings sug- 
gested that epimeric oxides might have resulted from the addition to the 
double bond, but no real attempt was made to isolate sterically pure indi- 
vidual substances. On saponification the product yielded a presumed 
\-acetyl-5 ,6-oxidoveratramine. With dilute acid the oxide group of the tri- 
acetyl derivative was opened with satisfactory yields to the glycol, tri- 
acetyl-5 ,6-dihydroxyveratramine. As was to be expected from the tertiary 
character of a 5-hydroxyl group, only a 6-hydroxyl should be readily ac- 
ylated and would explain the formation of a tetraacetyl-5 ,6-dihydroxry- 
veratramine. 

Attempts to rupture the glycol linkage with periodic acid were unsuc- 
cessful. This recalls the experience of Wintersteiner and Moore (7), who 
also found that secondary tertiary glycols of some stenols do not react 
with this reagent under conditions similar to ours.2, The assumption of 
the usual five-membered ring D would allow for a A'® bond which on oxi- 
dation would yield a 16,17-oxido compound and from this a secondary 
tertiary glycol. To test such a possibility it was planned to reduce tri- 
acetyloxidoveratramine with lithium aluminum hydride (8) to the as- 
sumed 17-hydroxy compound, to dehydrate this to a A” derivative, and 
then to accomplish the final oxidative removal of the side chain. This 
reagent yielded a substance (m.p. 178-182°) which was separated through 
alumina; its analysis indicated it to be the desired tertiary alcohol with 
the N-acetyl group reduced to N-ethyl, C3s;HygOsN. In view of the later 
results this could now be interpreted as an N-ethyl-5-hydroxydihydrovera- 
tramine-3 ,23-diacetate. A second substance was obtained of higher melt- 
ing point, but its analysis indicated the composition C33HiOsN, which 

2 The inertness to periodic acid appears to rule out the possibility that we have 
been dealing with a primary tertiary glycol. Such a glycol would be the hydrolytic 
product of a 20,21-oxide which could have been formed by oxidation of an original 
A201) bond if present in veratramine. This structure was under consideration to 
explain not only the formation of the dehydrogenation product hydroxypicoline, but 
also the series of reactions from veratramine leading to the isomer which gives the 
Rosenheim reaction. In such a series of reactions oxidation of the OH on carbon 23 
to CO would involve rearrangement of a A*°@) bond to A?°@2) to conjugate with the 
carbonyl. Greater objection applies to the assumption of an original A?5@?) bond 
which could similarly yield a primary tertiary glycol. 
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suggested that mere hydrolytic cleavage of the oxide group had taken 
place, together with reduction of the N-acetyl to N-ethyl, to yield N.- 
ethyl-5 ,6-dihydroxydihydroveratramine-3 ,23-diacetate (?). 

After a number of unsuccessful attempts, such as by distillation, or | 
with phosphorus oxychloride and pyridine, to dehydrate the substance 
CssHsOsN by removal of the tertiary hydroxyl group, thionyl chloride | 
with pyridine was found to give the desired result. This yielded the un- | 
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saturated compound, C3;H,7O4N, which may now be interpreted not as a 
A” derivative but as a diacetyl-N-ethylveratramine or an isomer. An 
analogous result was obtained in a similar dehydration of the above so 
called tetraacetyl-5 ,6-dihydroxyveratramine, with formation of what is 
probably tetraacetyl-6-hydroxy-A*-veratramine, C3sHO;N. The ultraviolet 
absorption spectrum curves obtained with these substances, as shown in 
Fig. 3, are in close agreement and possess the characteristic features of 
veratramine itself. To check the earlier supposition of a A” bond, the 
unsaturated substance C;;HiO,N (diacetyl-N-ethylveratramine) was oxi- 
dized with osmium tetroxide and the amorphous hydroxylated product was 


in turn subjected to periodic acid oxidation. However, the product was | 
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inhomogeneous and contained nitrogen (3.1 per cent). The retention of 
the side chain indicates that the new double bond is not at A’”@, but is 
compatible with a A* or A® bond. Ozonolysis of the substance C33H47,0,N 
yielded only an amorphous product which failed to give the Zimmermann 
reaction characteristic of a 17-ketosteroid. Other oxidative procedures 
were tried, but all yielded products in which the side chain N was retained. 

Tribenzoylveratramine, described in the experimental part, was pre- 
pared in the course of these studies. 

For the synthesis of 3-methyl-5-hydroxypyridine, 3-methylpyridine-5- 
sulfonic acid, prepared from £-picoline by the procedure of McElvain 
and Goese (9), was fused with NaOH; the product was indistinguishable 


- from the hydroxypicoline obtained on dehydrogenation of veratramine. 


EXPERIMENTAL 


A‘-Veratramin-3-one—A solution of 0.2 gm. of veratramine in benzene 
was boiled down to about 10 cc. and treated with 1 gm. of aluminum 
tert-butoxide, followed by 7 cc. of dry acetone. The mixture, protected 
from moisture, was then refluxed. The copious gelatinous precipitate, 
which first formed slowly, diminished; after about 23 hours, the mixture 
was decomposed with excess dilute NaOH and repeatedly shaken with 
benzene. The extract was washed, dried with NaeSO,, and concentrated. 
The colored residue, which contained acetone condensation products, was 
dissolved in benzene and chromatographed through 10 gm. of alumina in 
benzene. After continued elution with 60 cc. of benzene, which first re- 
moved the condensation products, the eluent was changed to 0.5 per cent 
methanol in benzene. After about 35 cc. had been used, solute suddenly 
emerged. The eluate, then collected in 5 cc. fractions, yielded succes- 
sively 23, 36, 39, 28, 21, and 10 mg: of product. 

Attempts to obtain the crystalline base from these fractions were un- 
successful. The following analytical data were obtained with the resin 


' dried at 110° and 0.2 mm. 


[als = +69° (c = 0.81° in 95% ethanol) 
C27H3,02.N. Calculated, C 79.55, H 9.16; found, C 78.73, H 8.89 
The fourth fraction, dissolved in a small volume of methanol, when 
treated with a slight excess of HCl followed by ether, yielded the hydro- 
chloride as aggregates of minute delicate micro needles. It gradually 
softens to a melt at 216-232°. 
For analysis it was dried at 110° and 1 mm. 


C27H3702N -HCl. Calculated, Cc 73.01, H 8.63; found, C 72.97, H 8.70 


The oxime was prepared from the third fraction by heating for 2 hours 








in methanol solution with an excess of hydroxylamine hydrochloride and 
sodium acetate. The mixture, rendered ammoniacal and diluted, yielded| 


the amorphous base, which was collected with water. This substance 
could not be crystallized. 
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! 


C27H3s02N2. Calculated. C 76.72, H 9.07, N 6.63 
Found. (6.60; "9:09, °° 6:77 


A second preparation of the ketone from 0.6 gm. of veratramine yielded 
through 30 gm. of alumina successive fractions of 44, 53, 62, 63, 61, 54, 
31, and 10 mg. Of these, Fractions 2 to 6, or 293 mg., were used for the) 
following preparation. 

A‘-Veratramine—Aluminum isopropoxide was prepared from 1 gm. of 
amalgamated aluminum and 15 cc. of isopropanol and added to the above 
293 mg. of the A‘-veratraminone. The protected mixture was refluxed 
for 20 hours and after addition of another 20 ec. of isopropanol was gradu- 
ally distilled to small volume. The diluted concentrate was treated with \ 
excess NaOH and extracted with chloroform. The washed and dried ex- 
tract yielded on concentration a colored resin which was dissolved in 
benzene and chromatographed through 10 gm. of alumina. Since no elu- 
tion occurred with 60 cc. of benzene, the product was finally obtained 
after the use of about 45 cc. of 0.5 per cent methanol in benzene, which 
was collected in successive 3 to 4 cc. fractions of 18, 20, 20, 25, 25, 22, 
21, 20, 15, 13, and 8 mg. All of these fractions slowly yielded a charac- 
teristic dirty purple color in the Rosenheim test with trichloroacetic acid. 

Fractions 6, 7, and 8, on solution in a small volume of methanol and 
careful dilution, separated as microcrystalline globular clusters. The 
product (51 mg.) was collected and washed with 50 per cent methanol; it | 
melted at 129-131.5°. 

The filtrate, on dilution with the washings, yielded an additional 4 mg. 
of delicate micro needles which sintered at 122° and melted at 124—127°. | 
The gradually developing Rosenheim tests with both of these fractions 
were indistinguishable. The color was a dirty deep purple. Veratra- 
mine itself gave no color. 

For analysis and rotation the first fraction was dried at 110° and 0.2 | 
mm. | 








[e]> = +40° (c = 0.85 in 95% ethanol) 
Co7H3902N. Calculated, C 79.16, H 9.60; found, C 78.80, H 9.55 


The ultraviolet absorption curve shown in Fig. 1 was obtained with 
this substance. 

Fractions 4 and 5, amounting to 50 mg., were converted to the hydro- 
chloride in methanol. Addition of ether yielded successive 30 and 14 | 
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mg. fractions of small micro needles, which were dried for analysis at 110° 
and 0.2 mm. 


Co7H3,0.N-HCl. Calculated, C 72.68, H 9.04; found, C 72.85, H 9.17 


Dihydroveratramin-3-one—A solution of 0.4 gm. of dihydroveratramine 
in a mixture of 36 cc. of acetic acid and 4 cc. of H,O was treated with 0.4 
gm. of chromic oxide in 2 cc. of HO. The clear solution gradually deep- 
ened in color at room temperature, and after 80 minutes it was diluted 
and extracted with chloroform. The latter was washed twice with small 
portions of H,O and then with excess dilute NaOH and HO. The dried 
solution on concentration yielded 0.38 gm. of a slightly yellow resin which 
was dissolved in benzene and chromatographed through 20 gm. of Al,O3. 
After elution with 85 ec. of benzene, which removed only traces of sub- 
stance, 0.5 per cent of methanol in benzene was used and collected in 10 
cc. fractions. An eluate suddenly emerged in Fraction 9 and was recov- 
ered as a colorless resin. Fraction 9 weighed 10 mg., Fraction 10, 44 
mg., Fraction 11, 80 mg., Fraction 12, 74 mg., Fraction 13, 40 mg., Frac- 
tion 14, 13 mg., and Fraction 15, 3.5 mg. Fraction 10 yielded 28 mg. of 
needles from dilute acetone. Similarly, Fractions 11 and 12 together 
gave 97 mg. and Fractions 13 and 14, 33 mg. 

The substance formed needles which progressively softened above 113° 
and melted at 123-125°. Its ultraviolet absorption spectrum is shown 
in Fig. 2. 

[a]3 = +54° (c = 0.907 in 95% ethanol) 
[a], = +53.6° (c = 1.11 in chloroform) 


For analysis the substance was dried at 110° and 0.2 mm. 


Co7H3,02N. Calculated. C 79.16, H 9.60 
Found. ‘* 78.57, ** 9.48 
¢ 79.24, ** 9.48 


0.1 gm. of dihydroveratramine was refluxed for 19 hours with 1 gm. of 
aluminium tert-butoxide in a mixture of 10 cc. of benzene and 6 cc. of 
acetone. After decomposition with H,O and addition of excess NaOH, 
the reaction product was extracted with benzene. The washed and dried 
extract yielded an oily resin containing acetone condensation products. 
This was chromatographed in benzene through 5 gm. of alumina. After 
elution with about 70 cc. of benzene, which removed the condensation 
products, 0.5 per cent methanol in benzene was used. 

After 10 ec. more emerged, the oxidation product suddenly appeared. 
Successive 5 cc. fractions then progressively yielded 7, 26, 17, 7, and 2 
mg. of resin. Fractions 2 and 3 were combined and crystallized readily 
from dilute acetone. The product, 31 mg. of needles, melted at 119- 
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124° after preliminary softening and was indistinguishable from that ob- 
tained with chromic oxide. 


[e]> = +58.9° (c = 0.81 in chloroform) 
Found, C 79.09, H 9.46 


The Oxime—A methanolic solution of 40 mg. of the chromic acid prod- 
uct was refluxed for several hours with hydroxylamine hydrochloride and 
sodium acetate. On concentration and careful dilution with water, it 
crystallized as small leaflets or flat needles and proved to be the hydro- 
chloride of the oxime. All attempts to crystallize the base were unsuc- 


cessful. The salt did not exhibit a sharp melting point. Most of it 


softened to a melt at about 194~-215°, but a portion appeared to retain 
birefrigence to 260-270°. 
For analysis the salt was dried at 110° and 0.2 mm. 


Ce7H4o0O2N2-HCl. Calculated. C 70.31, H 8.97, N 6.08 
Found. MOS; D200, © 6.42 


N-Acetyldthydroveratramin-3-one and the 23-Acetate—A solution of 48 
mg. of the chromic acid product in 2 cc. of acetic anhydride was refluxed 
for 20 minutes and concentrated to dryness in vacuo. <A solution of the 


resinous residue in methanol was treated with excess dilute NaOH and, | 


after occasional warming, the mixture was left at room temperature over- 
night. Although some crystals appeared above a colored resin, the mix- 
ture was extracted with chloroform. The extract was washed succes- 
sively with water, dilute H.SO,, and water and dried. The product was 
obtained in successive slowly crystallizing fractions from ethanol-ether as 
compact microcrystalline aggregates which melted at 191-194°. 


C2sH4i03;N. Calculated, C 77.11, H 9.16; found, C 77.32, H 9.03 


In an experiment in which the reaction mixture was concentrated and 
the excess reagent removed by distillation with alcohol, the resinous resi- 
dues failed to crystallize. The product was obtained from acetone: HO 
as a resinous powder which analysis showed to be the diacetyl derivative. 

For analysis it was dried at 110° and 0.2 mm. 


CuH.0.N. Calculated, C 75.40, H 8.78; found, C 74.96, H 8.87 


Dihydroveratramin-3 ,23-dione—A solution of 1.3 gm. of dihydrovera- 
tramine in a mixture of 100 cc. of acetic acid and 10 ec. of H.O was treated 
at room temperature with 13 cc. of Kiliani’s solution. The mixture 
gradually deepened in color and after about 5 minutes was warmed and 
kept at 50-55° for 13 hours, during which the reagent was gradually used 
up. The mixture, after dilution and addition of Na acetate in excess of 
the H.SO, requirement, was extracted with chloroform as in the previous 
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case. The resulting 0.9 gm. of yellow resin was chromatographed in 
benzene through 40 gm. of alumina. After elution with four successive 
25 ec. portions of benzene, substance began to emerge and was collected 


' in 25 ce. fractions. Fractions through 11 yielded respectively 20, 25, 25, 
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25, and 15 mg. of resin. These fractions were combined and brought to 
a small volume in 95 per cent ethanol and treated with a slight excess of 
HCl (1.19). The solution, which became yellow on addition of ether, 
yielded the hydrochloride as micro needles. The collected material 
amounted to 60 mg. and was followed by an additional 10 mg. fraction. 

The analytical data were obtained with unrecrystallized product from 
a preliminary experiment, dried at 100° and 0.2 mm. 


Co7H3s02NCl. Calculated. C 73.01, H 8.63, Cl 7.99 
Found. “* 72.48, “* 8.46, “© 7.75 


The 60 mg. fraction dissolved in a small volume of 95 per cent ethanol 
was treated with excess ammonia, followed by careful dilution. The base 
readily crystallized as micro needles or leaflets and was washed with 50 
per cent ethanol. Yield, 38 mg. It melted at 116-122.5° after prelim- 
inary softening; its ultraviolet absorption spectrum is shown in Fig. 2. 


[a]” = +56° (c = 0.77 in 95% ethanol) 
Co7H3,02.N. Calculated. C 79.55, H 9.16 
Found. (a) “ 79.40, “ 8.80 

(b) “ 79.52, “ 9.05 

(c) * 79.66, “ 8.96 


All attempts to form a dioxime gave unsatisfactory results. In one 
case the diketone was heated in methanol with hydroxylamine hydro- 
chloride and Na acetate for about 5 hours. A crystalline product could 
not be obtained. The concentrated mixture on dilution yielded material 
which coagulated as a resin. This was collected with water. An attempt 
to reprecipitate it from ethanol with H,O resulted in a colloidal suspension 
which coagulated only on addition of NaCl solution, and filtered very 
slowly. Similar material was obtained when the reaction occurred at 
100° for 47 hours. 

The following analysis was obtained in each case with substances dried 
at, 100° and 0.2 mm. 


Co7H3302Ne. Calculated. N 6.63 


C27H3902Ns. ss © 9.61 
Found. (a) N 7.92 
“cc (b) ‘cc 7.58 


Triacetyl-5 ,6-oxidoveratramine—A chilled solution of 1 gm. of triacetyl- 


| veratramine in 15 cc. of chloroform was treated with 0.3 gm. of perbenzoic 


acid in 4 ec. of moist chloroform. After 18 hours at 5° the mixture was 
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washed successively with dilute Na2CO; and water and dried with Na.S0O,, 
After removal of the solvent, 1.12 gm. of partly crystalline residue resulted. 
This was dissolved in benzene-petroleum ether (5:1) and chromatographed 
through 34 gm. of alumina. Since about 225 ce. of this solvent mixture | 


In a 
removed only traces, elution was continued with benzene-ether (1:1) and oxidize 
then pure ether, which yielded two main successive fractions. - withou 

The substances which emerged first melted at 203-205°, followed by tial, o1 
material which melted at 196-199°. Although the division was not clear  jial wi 
cut, the same result was obtained in separate experiments. first. W 

After recrystallization from ether-petroleum ether the melting points ) from x 
were, respectively, 208-211° and 198-199° after preliminary softening. 

Since the analytical data obtained with both were in close agreement, it 
is possible that they consist of isomeric a- and 8-epoxides. Sub: 
The following rotations were obtained with samples which were not | alone | 
recrystallized to optical constancy. recrys' 
a. [a]3 = +48° (c = 1.46 in chloroform) fractic 
B. [a]p = +83° (c = 1.18 “ - in chle 
CisH.,0.N. Calculated. C 71.82, H 8.23 The 
a: Found: (@) “mei. S316 1.44 ir 
(b) ‘* 72.03, ‘* 8.25 T ety 
: a) TARO Se ; 
eG) 6, 8.05 in Lo 
remov 


N-Acetyl-5 ,6-oxidoveratramine—A solution of 45 mg. of triacetyloxido- | petrol 
veratramine (a form) in 5 cc. of 5 per cent methanolic KOH was refluxed 167-1’ 
gently for 30 minutes. After dilution with H,O the precipitated sub- | 


| For 
stance was extracted with ether and crystallized from ether-methanol, | 
from which it formed stout columns or rods melting at 167-172°. 
C2sHi10.N. Calculated, C 74.48, H 8.84; found, C 74.21, H 8.74 | F Lith 
ion 0 


Triacetylveratramine Glycol—0.2 gm. of the epoxide (a form) was dis- } of eth 
solved in 10 cc. of acetone and diluted by cautious addition of 6 cc. of | 139 & 
H.O. This was followed by 0.3 cc. of 10 per cent H.SO, and 2 ce. of 


| Was gi 
acetone to clear up the turbidity. After 48 hours at room temperature, | follow 
a portion of the acetone was removed in vacuo. Addition of H,O caused | and g 
a copious precipitate; this was extracted with ether and the extract was | When 





washed in turn with 5 per cent NaHCO; solution and HO. In some ex- | cipita 
periments involving larger amounts of substance chloroform was used for | washe 
the extraction. Removal of the solvent gave 0.15 gm. of partly crystal- | latter 
line material, which melted at 270-281° after preliminary softening. This | anhy< 
was purified through alumina and was obtained by elution with benzene- | tion ¢ 
chloroform (1:1) or with chloroform alone. It crystallized from dilute | 299 « 


methanol as platelets or small rods which melted at 281-284°. incres 
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C33HwO;N. Calculated. C 69.57, H 8.32 
Found. (a) ‘ 69.88, ‘¢ 8.34 
(b) ‘* 69.69, ** 8.36 


In a later experiment, in which 3.5 gm. of triacetylveratramine were 
| oxidized, 3.35 gm. of epoxide were obtained which were used directly 
without attempting separation into possible a and 8 forms. This mate- 
rial, on hydrolysis as above to the glycol, yielded 2.53 gm. of crude mate- 
rial which was chromatographed through 55 gm. of alumina. Elution 
first with benzene-chloroform (3:1) yielded a fraction which crystallized 
from methanol and consisted of unchanged oxide, m.p. 206-209°. 


Found, C 72.45, H 8.21 


Subsequent elution with benzene-chloroform and then with chloroform 
alone gave successive fractions of 0.425 and 0.8 gm. of glycol which, after 
recrystallization from dilute methanol, were indistinguishable. The first 
fraction melted at 282-284° and its rotation was [a]? = +51.3° (e = 1.5 
in chloroform). 

The second fraction melted at 286-290° and showed [a]2° = +52° (¢ = 
1.44 in chloroform). 

Tetraacetyl-5 ,6-dihydroxyveratramine—The glycol (31 mg.) was dissolved 
in 1 ce. of acetic anhydride and refluxed for 45 minutes. The reagent was 
removed in vacuo and the residue crystallized gradually from an ether- 
petroleum ether mixture. It formed rosettes of needles which melted at 
| 167-172°. 
| For analysis it was dried at 80° and 0.2 mm. 


C3;sH4sOsN. Calculated, C 68.71, H 8.07; found, C 69.19, H 8.08 


Lithium Aluminum Hydride Reduction of Epoxide—To a stirred solu- 
| tion of 1.825 gm. of the triacetyl oxido compound in a mixture of 100 ce. 
of ether and 30 cc. of benzene were added dropwise during 30 minutes 
130 cc. of an ethereal solution of 1.53 gm. of the hydride. The mixture 
was gently refluxed for 35 minutes. Ice water was then cautiously added, 
followed by 10 per cent H»SO, until the milky aqueous layer became clear 
and acid to Congo red. The upper phase yielded no significant residue. 
When the aqueous phase was made alkaline with ammonia, a copious pre- 
| cipitate resulted which was extracted with chloroform. The extract, 
| washed and dried in the usual manner, yielded 1.21 gm. of a resin. The 

latter was dissolved in 10 cc. of pyridine and treated with 20 cc. of acetic 
anhydride for acetylation. After 48 hours at room temperature, a por- 
tion of the solvent was removed in vacuo under 35° and then poured into 
200 ce. of HO. Some precipitation occurred, but the amount was greatly 
increased by careful addition of ammonia. The flocculent substance was 


| 
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washed with water and dried. It weighed 1.35 gm. Its solution in 10) with: 
ec. of benzene was chromatographed through 50 gm. of alumina and| now! 
yielded three components. The first emerged by elution with benzene 

and benzene-ether (4:1) and melted at 178-182° after recrystallization 

from methanol. 


[e]> = +40° (c = 0.75 in chloroform) In 

, ‘ ; ‘ , thlor« 

The analytical data obtained are in agreement with the requirements for : ee 

N-ethyl-5-hydroxydihydroveratramine-3 , 23-diacetate. Tet 
) 

C33H490;N. Calculated. C 73.48, H 9.15, (N)C.H; 5.38 (60 r 

Found. “73.70, 8.98, “ 4.54 ey 


A second fraction, eluted with ether, melted at 177—-178° after recrystal- _ petro 
lization from ether-petroleum ether. Unfortunately, its optical rotation  prelin 
was not obtained and the question of its relationship to the first sub- 
stance was not decided. 1 ony 

1 
Found, C 73.49, H 9.16, (N)C:Hs 4.97 Tr; 

The (N)C2H; group is produced by reduction of the N-acetyl radical. | esis 

The third component was obtained by elution with ether containing | chlor! 
1 per cent of methanol. It melted at 221.5-226.5°. From its later emer-.| hour. 
gence and from the analytical data, this substance appears to be the diol | trate 


formed by hydrolysis of the oxidic group. ether 
[a]> = +24° (c = 0.38 in chloroform) { 95 pe 
Czs5HggOeN. Calculated, C 71.30, H 8.89; found, C 71.04, H 8.64 


Dehydration of Reduction Product—To a solution of 115 mg. of the pre- 3-] 
vious 5-hydroxy derivative in 1 cc. of dry pyridine 0.1 ce. of thionyl chlo- | crucil 
ride was carefully added with chilling. The mixture was allowed to come | temp 
to room temperature and, after 10 minutes, was slowly treated with wa- | fonic 
ter and cooled. A mixture of the hydrochloride and the base gradually | ture - 
crystallized. This melted partly at 147—160° and partly at a considerably | sudde 
higher temperature. It was dissolved in ether and a little methanol and | from 
concentrated to crystallization. Ether was then added; the insoluble | The « 
crystals melted 198-205° with preliminary softening and contained halo- | dilute 
gen. | wash 

CuHO.N-HCl. Calculated, C 71.00, H 8.67; found, C 71.17, H 8.62 | nea 
| melte 

The mother liquor was concentrated to dryness and again treated with | line a 
ether, when more of the sparingly soluble salt separated. The filtrate, | curve 
after concentration and addition of petroleum ether, crystallized as flat | duct. 
hexagonal platelets which melted at 158-162°. other 

The higher melting substance, when dissolved in chloroform and washed 
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with NagCO; solution, yielded on concentration the same substance, which 
now melted at 164-168°. 


C3sH4O.N. Calculated. C 75.97, H 9.08 
Found. (a) ‘“‘ 75.37, ‘ 8.96 
(b) ‘* 76.14, * 8.97 


In later preparations the base was directly obtained by washing a 
chloroform extract of the reaction product with alkali. 

The ultraviolet absorption spectrum is given in Fig. 3. 

Tetraacetyl-6-hydroxy-A‘-veratramine — Tetraacetyldihydroxyveratramine 
(60 mg.) was treated in 1 cc. of pyridine with 0.1 cc. of thionyl chloride 
and worked up as in the previous case. Crystallization from ether- 
petroleum ether gave needles or rods which melted at 247—252° with some 
preliminary sintering. 


Cs3sH407;N. Calculated, C 70.80, H 7.98; found, C 70.30, H 7.80 


The ultraviolet absorption curve is shown in Fig. 3. 

Tribenzoylveratramine—To a solution of 0.25 gm. of dried veratramine 
in a mixture of 3 cc. of benzene and 3 cc. of dry pyridine 0.2 ce. of benzoyl 
chloride was carefully added. The mixture was heated at 95-100° for 1 
hour. The benzoic anhydride which crystallized was filtered and the fil- 
trate concentrated in vacuo.’ The residue was broken up with petroleum 
ether and collected. It formed clusters of platelets, m.p. 151-154°, from 
95 per cent ethanol. 


CysHyOsN. Calculated, C 79.86, H 7.12; found, C 79.40, H 7.15 


3-Methyl-5-hydroxypyridine—To 15 gm. of NaOH, heated in a silver 
crucible to about 150°, 3 cc. of H.O were carefully added. When the 
temperature had reached about 180°, 5 gm. of 3-methylpyridine-5-sul- 
fonic acid (9) was stirred into the melt. As the temperature of the mix- 
ture was raised, the thick paste gradually melted at about 210-220° and 
suddenly resolidified at 240° to a hard cake. About 25 minutes elapsed 
from the addition of the sulfonic acid till the completion of the heating. 
The cake was dissolved in 275 ee. of H.O; the solution was acidified with 
dilute HCl until slightly acid (pH 5 to 6) and extracted with ether. The 
washed and dried extract yielded on concentration a residue which was 
crystallized from benzene. It formed heavy compact crystals which 


| melted at 140-141°. The mixed melting point with the hydroxypico- 
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line obtained from veratramine was 140-142°. Its ultraviolet absorption 
curve was indistinguishable from that obtained with the veratramine pro- 
duct. The same color was produced with the Folin-Denis reagent and in 
other ways it agreed in properties. 


C.H;ON. Calculated, C 66.04, H 6.46; found, C 65.84, H 6.35 
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All analytical data have been obtained by Mr. D. Rigakos of this lab. 
oratory. 


SUMMARY 


Veratramine shows resemblances to other steroid bases, which suggests 
that it possesses in part a 3(8)-hydroxy-A®-stenol structure. The product 
of the Oppenauer reaction appears to be in part a A‘-3-stenone, which in 
turn can be reduced to A‘-veratramine. The second hydroxy] is also 
secondary and located on carbon atom 23 and is less readily oxidized, 
This permits the stepwise oxidation of dihydroveratramine to dihydro- 
veratramin-3-one and to dihydroveratramin-3 ,23-dione in which the 23. 
CO group is much less reactive. It is possible that the benzenoid struc. 
ture of veratramine occurs in an enlarged ring D, which could explain the 
production of 5-hydroxy-3-methylpyridine on dehydrogenation. The iden- 
tity of this product has now been confirmed by synthesis. 

Other transformation products of veratramine are described, the nature 
of which is suggested on the above structural basis. 

The reduced reactivity of the CO group at position 23 raises the ques- 
tion whether the inert CO group of jervine is also to be found on carbon 
23 instead of on carbon 11, as previously assumed. 
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SOME CHEMICAL PROPERTIES OF DESOXYRIBOSE 


NUCLEOSIDES* 
roosts By L. A. MANSON? anno J. O. LAMPEN 
oduct (From the Department of Biological Chemistry, Washington University School of 
ich in Medicine, St. Louis, Missouri, and the Department of Microbiology, 
ae School of Medicine, Western Reserve University, Cleveland, Ohio) 
5 also 
dized, (Received for publication, January 21, 1950) 
ry dro- 


eo 23. The four nucleosides obtained by the enzymatic degradation of thy- 
struc} ™US nucleic acid are guanine desoxyriboside, hypoxanthine desoxyribo- 
n side (adenine desoxyriboside is obtained only if the deaminase in the in- 
testinal nucleotidase preparation generally used is inhibited by Ag?*), 
cytosine desoxyriboside, and thymine desoxyriboside.!. The sugar in the 
pyrimidine nucleosides is assumed to be D-2-desoxyribose, since the pyrim- 
idine nucleosides give the same color reactions as D-2-desoxyribose (1). 

The nature of the ring structure of the sugar in desoxyribose nucleo- 
sides has been determined with certainty only for thymidine (2). Tri- 
tylation studies indicated that thymidine contains a free primary hy- 
droxyl group; thus thymidine must be a furanoside. Makino (3) studied 
the reaction of guanine desoxyriboside, hypoxanthine desoxyriboside, and 
thymidine with boric acid. These compounds did not increase the con- 
ductivity of a boric acid solution; hence, Makino concluded that they 
were furanosides. 

Lythgoe and Todd (4) have used metaperiodate oxidation as an ana- 
lytical method for determining the size of the sugar lactal ring in their 
synthetic nucleosides. The results obtained from similar studies with the 
1948). | desoxyribose nucleosides are presented here. These indicate that all the 
nucleosides isolated from thymus nucleic acid are furanosides. 

The ultraviolet absorption spectra of the desoxyribose nucleosides and 
their reaction in the cysteine-sulfurie acid test, as described by Stumpf 
5), have also been studied. 


- iden- 
nature 


ques- 
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* This work was supported in part by grants from the Nutrition Foundation, Inc., 
ud the American Cyanamid Company. A part of the material presented in this 
vaper is taken from a thesis submitted in partial fulfilment of the requirements for 
the degree of Doctor of Philosophy at Washington University by L. A. Manson. 

+ Predoctorate Fellow of the National Institutes of Health, 1948-49; Fellow in the 
Medical Sciences of the National Research Council, 1949-50. 

‘The nucleosides have been also called desoxyguanosine, desoxyinosine, and de- 
oxycytidine. We believe that this nomenclature is premature and should not be 
wed until the structure of these compounds is more completely defined. 
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EXPERIMENTAL 


Preparation of Desoxyribose Nucleosides’°—The nucleosides were prepare 
by the method of Klein (6). 125 gm. of thymus nucleic acid (P conter 
4.85 per cent) were hydrolyzed enzymatically by an intestinal nucleotidag 
preparation. Guanine desoxyriboside was not obtained. Schindler (i 
has commented on the failure to obtain guanine desoxyriboside in gooj 
yield and has improved the purification procedure so that a Pb precipite 
tion is avoided. The guanine desoxyriboside used in the experiments dé 
scribed below was kindly sent to us by Dr. E. E. Snell who had obtaine 
it from Dr. H. M. Kalckar. 

Hypoxanthine desoxyriboside was isolated as colorless needles and pur. 
fied according to Schindler (7). The total yield was 4.9 gm. The com 
pound softened at 218° (uncorrected),® then solidified, and decompose 
without melting on further heating. 

Thymidine was also obtained as colorless needles after decolorizatiw 
with norit and three recrystallizations from isopropyl alcohol. The mel: 
ing point was 184.5-185.5° (uncorrected). The total yield of thymidir 
was 2.7 gm. 

Cytosine desoxyriboside was isolated as the picrate. The picrate wi 
recrystallized once from 95 per cent ethanol. It darkened at 191° an 
decomposed without melting on further heating. The yield of recryste! 
lized product was 3.6 gm. 

The picrate was decomposed with KOH by a method described | 
Bredereck (8) for the decomposition of adenosine picrate. To 1 gm. ( 
cytosine desoxyriboside picrate suspended in 15 ml. of H,O was add. 
0.3 ml. of 50 per cent KOH. The mixture was warmed until all of th 
picrate went into solution. It was then set aside in the cold room. 1) 
resulting precipitate (potassium picrate) was filtered and washed sever 
times with cold 1 ml. portions of water. <A clear yellow filtrate was 0 
tained. The last traces of picric acid were removed by passing the soll: 
tion through an anion exchange column (Amberlite IR-4B). The colum 
was washed with water until the effluent showed no absorption at 265 my 
in the Beckman DU spectrophotometer. The washings and the origin 
effluent were combined and lyophilized. The material was_ recrystd: 
lized from methanol-ether (7). The final yield was 65 per cent of theor 
from the picrate. The melting point was found to be 206—208° (unco 
rected). Schindler (7) reports that cytosine desoxyriboside melts at 2! 
215° (corrected). A sample of cytosine desoxyriboside obtained from D 

2 The authors wish to thank Dr. H. Z. Sable and Dr. G. T. Webster for their assis 
ance in the preparation of some of these materials. 

’ A Fisher-Johns melting point block was used in all the melting point determin 
tions. 
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0. Schindler was found to melt at 207-209° (uncorrected). The mixed 
melting point of the two preparations was 206-208°. 

The p-2-desoxyribose used in these studies was a synthetic preparation 
given to us by Dr. J. C. Sowden. 

Ultraviolet Absorption Spectra—The ultraviolet absorption spectra of ad- 
enine and guanine desoxyribosides (9) and thymidine (10) have already 











been reported. Complete absorption spectra of hypoxanthine desoxy- 
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Fic. 1. The ultraviolet absorption spectra of hypoxanthine desoxyriboside (Curve 
A), thymidine (Curve B), and cytosine desoxyriboside (Curve C). The nucleosides 
were dissolved in 0.05 mM phosphate buffer, pH 7.0. The absorption maxima of Curves 
\,B, and C were at 249, 267, and 271 my, respectively, and the molar extinction co- 
dlicients at these wave-lengths were 1.28, 0.92, and 0.96 X 10‘, respectively. 
D= — logiol’ = ecl, where D = optical density, 7 = transmittancy, e = extinction 
woefficient, 1 = length of cuvette in cm., and c = concentration in moles per liter. 


iboside, thymidine, and cytosine desoxyriboside at pH 7 were deter- 
mined. The curves obtained are plotted in Fig. 1 and the molar extine- 
tion coefficients at the absorption maxima are included. Hotchkiss (10) 
reports that the absorption maximum for thymidine is 265 mu, while the 
maximum reported here (with a spectral interval of 0.5 mu) is 267 mu. 
Cysteine-Sulfuric Acid Test for Desoxyribose—The reaction of the des- 
xyribose nucleosides and p-2-desoxyribose in the cysteine-sulfuric acid 
action (11) for desoxyribonucleie acid was examined. The test was car- 
ied out as described by Stumpf (5). The tubes were allowed to stand 
x 15 minutes at room temperature after the addition of the acid, and 
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the amount of color developed was routinely determined in a Klett-Sum. 
merson colorimeter with a 500 mu filter. 

The amount of color developed per micromole of p-2-desoxyribose 
guanine desoxyriboside, hypoxanthine desoxyriboside, or thymidine was 
found to be the same within experimental error, and color development 
was complete in 15 minutes. If one assumes that 100 per cent of the 
desoxyribose is converted to the chromogen under the conditions used, 
the apparent molar extinction coefficient of the chromogen, as deter- 
mined in the Beckman DU spectrophotometer, was 5.5  10* at 495 mu 
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Fic. 2. The relationship between light absorption and concentration of D-2-desoxy- 
ribose in the cysteine-sulfuric acid test. 


The curve relating Klett readings to micromoles of any of the above sub- 
stances is shown in Fig. 2. The curve follows Beer’s law between 0! 
and 0.5 uM. 

Cytosine desoxyriboside did not react in this test in the same way 4 
did the free sugar and the other three nucleosides. Color development 
did not reach a maximum until the tubes had stood for 20 hours at room 
temperature. Even at this time, the amount of color developed pet 
micromole of cytosine desoxyriboside was considerably less than that ob- 
served with p-2-desoxyribose. Bielschowsky and Siefken-Angermann (12 
noted that cytosine desoxyriboside is the most stable of the desoxyribo- 
sides to acid hydrolysis. This is the most probable explanation for thi 
anomalous behavior of cytosine desoxyriboside in this test. 
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The behavior of the desoxyribose nucleotides‘ was also examined in this 
test. The adenine and guanine desoxyribose nucleotides gave 99 and 97 
per cent, respectively, of the color obtained from an equimolar amount of 
p-2-desoxyribose. Of the pyrimidine desoxyribose nucleotides, the thy- 
mine derivative yielded 74 per cent of theory, whereas the cytosine com- 
pound produced no color under the specified conditions. 

Commercial samples® of sperm desoxyribonucleic acid (P 6.8 per cent, 
P:N 1.82) were tested for their desoxyribose content by this reaction 
with pD-2-desoxyribose as a standard. Assuming that all the organic 
phosphorus of each sample represented desoxyribonucleic acid, it was 
found that the desoxyribonucleic acid of the two samples appeared to 
contain 23.6 and 25.4 per cent desoxyribose, respectively. These data 
are considered further under the “Discussion.” 

Metaperiodate Oxidations—Sodium metaperiodate oxidations were per- 
formed essentially as described by Jackson (13). The reactions were car- 
ried out in glass-stoppered Pyrex test-tubes. Each incubation contained 
1.0 ml. of 0.298 m sodium metaperiodate, 10 to 25 um of the nucleoside, 
and water to a final volume of 10.0 ml. At intervals 0.5 ml. samples 
were withdrawn and the unused metaperiodate was titrated directly with 
0.01 N arsenite to a starch end-point. Incubations were carried out at 
23-25°. Within the limits of experimental error, no metaperiodate was 
consumed in 24 hours with each of the nucleosides. When 50 um of p-2- 
desoxyribose were oxidized with metaperiodate under the same condi- 
tions, 2.9 moles of metaperiodate were consumed per mole of sugar in 1 
hour and 4.8 moles in 24 hours. 


DISCUSSION 


The method used here for decomposing cytosine desoxyriboside picrate 
differs from that used previously (6, 7) in that it avoids acid treatment 
completely. It may prove useful as well in regenerating adenine des- 
oxyriboside from the picrate. Adenine desoxyriboside is labile to acid 
and therefore could not be recovered from the picrate by the usual acid 
treatment (6). 

Gulland and Story (9) have shown that guanine and adenine desoxy- 
tibosides have ultraviolet absorption spectra like those of the 9-methyl- 
purine and unlike the 7-methyl derivative, indicating that the sugar in 
these nucleosides is linked to the same position of the purine ring as in 
guanosine and adenosine. The absorption spectra of hypoxanthine and 
‘ytosine desoxyribosides are identical with those of inosine and cytidine. 
This suggests that the sugar is linked to the same position of the base in 

‘Volkin, E., Khym, J. X°, and Cohn, W. E., to be published. 

’ Furnished by the Nutritional Biochemicals Corporation, Cleveland, Ohio. 
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the desoxyriboside as in the corresponding riboside, 7.e. position 9 of the 
purine ring and position 3 of the pyrimidine ring. It has already been 
pointed out (14) that the absorption spectrum of thymidine is sufficiently 
similar to that of uridine to suggest that the glycosidic linkage in thy- 
midine is on the 3 position of the pyrimidine ring. 

Dische stated in his initial description (11) of the cysteine-sulfuric acid 
reaction for desoxyribonucleic acid that this test, like the diphenylamine 
test, measured only purine-bound desoxyribose. Under our conditions 
two samples of purified desoxyribonucleic acid appeared to contain 23.6 
and 25.4 per cent desoxyribose. This is slightly more than half of the 
expected amount (43 per cent), assuming that nucleic acid has the com- 
position of a polymerized nucleotide. From these data and those re- 
ported here for the nucleosides and nucleotides, it seems probable that 
purine-bound desoxyribose in desoxyribonucleic acid reacts essentially 
quantitatively, thymine-bound desoxyribose reacts partially, whereas cy- 
tosine-bound desoxyribose does not react under the specified conditions. 
Therefore, only qualitative significance should be attached to data ob- 
tained with either the cysteine-sulfuric acid or diphenylamine method, 
unless the composition of the desoxyribonucleic acid being measured is 
known. 

The desoxyribose nucleosides were resistant to metaperiodate, whereas 
p-2-desoxyribose consumed 5 moles of oxidant per mole of sugar in 24 
hours. Since metaperiodate cleaves compounds containing vicinal hy- 
droxyl groups, a desoxyribopyranoside would consume 1 mole of the oxi 
dant, whereas a desoxyribofuranoside would not react. It is concluded 
that the lactal ring in the desoxyribose nucleosides is of the furanoid 


type. 
SUMMARY 


Some chemical properties of the desoxyribose nucleosides isolated by 
an enzymatic hydrolysis of thymus nucleic acid have been studied. 

The ultraviolet absorption spectra of the nucleosides are presented. 
The nature of the spectra indicates that the glycosidic link between des 
oxyribose and the purine or pyrimidine base is the same as that found in 
the corresponding riboside. 

The reaction of the desoxyribose nucleosides and nucleotides has beet 
compared with that of p-2-desoxyribose in the cysteine-sulfuric acid 
method. The limitations of this method for the determination of des 
oxyribonucleic acid in biological materials are discussed. 


Metaperiodate oxidation studies with the four desoxyribose nucleo 


sides indicate that they are all furanosides. 
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THE METABOLISM OF HYPOXANTHINE DESOXYRIBOSIDE IN 
ANIMAL TISSUES* 


By L. A. MANSON#f# anp J. O. LAMPENT{ 


(From the Department of Biological Chemistry, Washington University School 
of Medicine, St. Louis, Missouri) 


(Received for publication, February 23, 1951) 


Klein (1) has made a detailed investigation of the action of “purine 
nucleosidase”’ on the various purine desoxyribosides. He found that prep- 
arations of animal tissues which split purine ribosides also split the purine 
desoxyribosides, yielding the purine base and a reducing sugar. ‘The en- 
zyme preparations were inactivated upon dialysis, but could be reactivated 
by the addition of arsenate or phosphate. Kalckar (2) studied this en- 
zyme, and found that “purine nucleosidase” was in reality a purine nucle- 
oside phosphorylase. The reaction catalyzed by this enzyme was 


Inosine + phosphate = hypoxanthine + ribose-1-phosphate 


The purpose of this investigation was to study the metabolism of purine 
desoxyribosides in animal tissues. Phosphorolysis of hypoxanthine desoxy- 
riboside (HXDR) was observed in the presence of rat liver or calf thymus 
preparations. The primary product of the reaction was a highly acid- 
labile, non-reducing phosphate ester. This compound has since been iden- 
tified by Friedkin and Kalckar (3) as desoxyribose-1-phosphate. These 
workers have also shown that the isolated desoxyribose-l-phosphate can 
react with hypoxanthine in the presence of nucleoside phosphorylase to 
form hypoxanthine desoxyriboside. 

With the enzyme preparations that we have used, an acid-stable phos- 
phate ester accumulated on more prolonged incubation. The results of 
periodic acid oxidation of preparations of the acid-stable ester indicate that 
it is desoxyribose-5-phosphate. Our data suggest that desoxyribose-5- 
phosphate is formed from desoxyribose-l-phosphate by a mutase type of 
reaction. 


*This work was supported in part by grants from the Nutrition Foundation, 
Ine., and the American Cyanamid Company. The material presented in this paper 
is taken from a thesis submitted in partial fulfilment of the requirements for the 
legree of Doctor of Philosophy at Washington University by L. A. Manson in June, 
M9. Presented in part before the Division of Biological Chemistry at the 114th 
meeting of the American Chemical Society at St. Louis, September, 1948. 

} Predoctorate Fellow of the National Institutes of Health, 1948-49. 

t Present address, Department of Microbiology, School of Medicine, Western 
Reserve University, Cleveland 6, Ohio. 
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Arsenolysis of HXDR resulted in the formation of hypoxanthine and 
free desoxyribose. The reaction kinetics did not follow a first or second 
order rate law. This confirms Klein’s (1) original observation. 


EXPERIMENTAL 


Materials—The preparation of hypoxanthine desoxyriboside is described 
in the preceding paper (4). Synthetic p-2-desoxyribose was obtained from 
Dr. John C. Sowden. 

Enzyme Preparations—Two sources of the purine nucleoside phosphor- 
ylase were used. The enzyme from rat liver was prepared by the method 
of Kalckar (5). This preparation contained a maximum of 0.5 un of total 
acid-soluble phosphorus per ml. A preparation of the enzyme was also 
obtained from calf thymus glands. The glands were packed in ice immedi- 
ately after removal from the animal at the packing house. All further 
operations were carried out in the cold room at 3-5°. The glands were 
trimmed to remove fat and 1800 gm. (wet weight) were passed through a 
meat grinder. 2 liters of cold 1 per cent KCl were added, and the mixture 
was allowed to stand with frequent stirring for 30 minutes and then filtered 
through cheese-cloth. This preparation was then centrifuged at 1100 X ¢ 
for 40 minutes. The supernatant fluid was decanted and the precipitate 
washed with 700 ml. of 1 per cent KCl. After the supernatant fluid and 
washings were combined, the pH was found to be 6.5 and the volume was 
2500 ml. To this solution were added 579 gm. of ammonium sulfate, 
bringing the ammonium sulfate concentration to 30 per cent saturation 
(considering 770 gm. per liter as saturated at 25°). The mixture was 
centrifuged at 5800 X g and the precipitate discarded. ‘To the supernatant 
fluid (2280 ml.) were added 1710 ml. of a saturated ammonium sulfate solu- 
tion (saturated at room temperature and adjusted to pH 6.8 with ammo- 
nium hydroxide). This brought the ammonium sulfate concentration to 
60 per cent saturation. The precipitate (185.5 gm., wet weight) was sep- 
arated by centrifugation at 5800 & g. This fraction maintained its nu- 
cleoside phosphorylase activity for periods as long as 1 year when stored 
as a paste at 3°. 

Aliquot portions of the paste were triturated with an equal weight of 
cold 1 per cent KCl and centrifuged for 40 minutes at 5800 & g. The 
supernatant fluid was dialyzed against running tap water at 3° for 30 hours. 
The mixture was then made 1 per cent in KCl and centrifuged for 20 min- 
utes at 9600 K g. The clear solution was used for enzymatic experiments. 
When stored at 3° it retained its activity for a period of several weeks. 
Such preparations contained a maximum of 0.2 um of total acid-soluble 
phosphorus per ml. 

Protein-Free Filtrates—Protein-free filtrates of the various incubation 


mixt 
trate 
to L 
ylate 
scrib 
has | 
allow 
show 
proce 
be re 
filtra 
ters | 
trate 
Re 
The 
reduc 
copp' 
amot 
filtra 
Hyp 
the r 
droly 
result 


Ph 
and « 
Was § 
were 
perch 
acid 3 
lf no 
acid 
occur 
acid-s 
chlor 
prese’ 
the p 
rgan 


ve ry 





XUM 


L. A. MANSON AND J. O. LAMPEN 97 


-and| mixtures were obtained by the two following methods: Perchloric acid fil- 
cond | trates were made and neutralized to pH 4 with sodium acetate according 
to Lowry and Lopez (6). These filtrates contain both free and phosphor- 
| ylated sugars. Ba-Zn filtrates were made according to Somogyi, as de- 
| scribed in a previous publication from this laboratory (7). This method 
ribed| has been shown to remove from solution hexose phosphate esters, while 
from| allowing a complete recovery of free hexose in the filtrate. Separate tests 
showed that ribose-5-phosphate can also be removed quantitatively by this 
phor-| procedure. Control experiments indicated that free p-2-desoxyribose could 
ethod} be recovered quantitatively in either a perchloric acid filtrate or a Ba-Zn 
total} filtrate. It is assumed, by analogy, that any desoxyribose phosphate es- 
s also} ters formed in an incubation mixture would appear in perchloric acid fil- 
medi- | trates, but not in Ba-Zn filtrates. 
irther Reducing Sugar Determination—The method of Nelson (8) was used. 
; were | The perchloric acid filtrates were adjusted to pH 7 before estimation of 
ugha} reducing sugar. A heating time of 75 minutes was necessary for maximum 
ixture | copper reduction with desoxyribose. Under these conditions no significant 
ltered | amounts of reducing materials were found in perchloric acid or Ba-Zn 
OX] filtrates of either enzyme preparation in the absence of added substrate. 
pitate | Hypoxanthine, thymine, cytosine, uracil, and adenine were not oxidized by 
id and | the reagent. Synthetic p-2-desoxyribose or desoxyribose obtained by hy- 
re was | drolyzing a solution of HXDR (9) was used as a standard. Identical 
ulfate, | results were obtained with the two standards. 
ration 
© Wi Results 
natant Phosphorolysis of HX DR—The results of the experiments with rat liver 
e solu- | and calf thymus preparations are summarized in Table I. The reaction 
immo- | was started by the addition of the appropriate enzyme solution. Samples 
tion to | were deproteinized by the Ba-Zn method or with perchloric acid. The 
as sep: | perchloric acid deproteinizations were carried out in an ice bath, since the 
its nu- | acid was sufficiently strong to hydrolyze the HXDR at room temperature. 
stored | [ino more than 15 minutes elapsed between the addition of the perchloric 
acid and the neutralization of the filtrate, no hydrolysis of the HXDR 
ight of | occurred. When HXDR and inorganic phosphate were the substrates, an 
The } acid-stable phosphate ester was formed. Reducing sugar appeared in per- 
) hours. | chlorie acid filtrates, but not in Ba-Zn filtrates; thus no free sugar was 
() mil | present in the incubation mixture. The amount of reducing sugar found in 
iments. | the perchloric acid filtrates was much greater than the amount of stable 
weeks. | organic phosphate ester. ‘This will be discussed later. With HXDR alone, 
soluble | very little reducing sugar was found in either type of filtrate. 
Arsenolysis of HX DR—When arsenate and HXDR were incubated with 
ubation | the enzymes, the amounts of reducing sugar in Ba-Zn and perchloric acid 
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filtrates were essentially the same. This indicated that the sugar in the 
filtrates was present in the incubation mixture as free sugar. The mecha- 
nism of the formation of the free desoxyribose is probably analogous te 
that proposed by Warburg and Christian (11) for the action of arsenate in 
the oxidation of p-3-phosphoglyceraldehyde by triose phosphate dehydro. 
genase. The primary product of the arsenolysis of HXDR is probably 
desoxyribose-l-arsenate, which decomposes in aqueous media to desoxyri- 


TABLE I 
Phosphorolysis and Arsenolysis of Hypoxanthine Desoxyriboside 


Incubated at 37°, pH 6.9. The final volume of incubation mixture was 5.0 ml. 
the fluoride concentration was 0.01 m. 1.0 ml. of the enzyme solution was added to 
each tube. 























: | Increase in reducing sugar sel exalts 
Enzyme preparation Pa ale le Substrate — HCO pate —— 
filtrates) | filtrates siaiaeints’ 
hrs. | pM BM BM 
Rat liver 1 | 40 uw HXDR 2.5 1.5 0.1 
40 ‘ re + 25 0.3 (Fis 2.2 
uM HsPO, 
| 40 uM HXDR + 40 22.0 19.3 
| uM H;AsO, 
| 25 um H3PO, 1.0 1.2 0 
| 40 “ H3AsO, 2.7 12 
Calf thymus 2 | 40 “ HXDR 0.6 0.1 
| 40 ‘ e + 20 0.7 7.3 5.0 
| uM H;PO, 
| 40 um HXDR + 40 25.6 25.4 
| pM H3AsO, 
20 uM H3PO, 0.3 0:2 0 
| | 40 “ H;AsO. 0 0.2 








* Stable to the HClO, deproteinization and inorganic phosphate reagents 0 
Fiske and Subbarow (10). 


bose and arsenate. Under such conditions the extent of splitting ¢ 
HXDR in arsenolysis is much greater than in phosphorolysis, since thi 
former reaction is irreversible, whereas the latter approaches an equilib: 
rium. 

Klein (1) studied the kinetics of the arsenolysis of guanine desoxyribe- 
side. He found that the Kyonomotecutar Of the reaction decreased with time 
Guanine and hypoxanthine inhibited the enzyme and Klein suggested thal 
this inhibition might explain the anomalous kinetics. We have also found 
that the reaction does not follow a first or second order rate law. The 
inhibition of the arsenolysis by various compounds was tested, and the 
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in the) results obtained are found in Table II. Both hypoxanthine and desoxyri- 
1echa-| bose are inhibitory. Adenine had no effect, while the pyrimidines pro- 
ous to} duced a slight inhibition. 

ate in| To test whether the inhibition of the arsenolysis by the products of the 
iydro-| reaction would account quantitatively for the observed decrease with time 
ybably| of the Kmonomotecular, the following experiment was carried out. In Tube 1 
oxyri| (Table III) 20 um of HXDR were incubated with the rat liver purine 
nucleoside phosphorylase under conditions identical with those described 


TaBLeE II 

5.0 mi. Inhibition of Arsenolysis of Hypoxanthine Desoxyriboside 

ded to The incubation mixtures contained 5.0 mg. of HXDR (20 um), 2.5 ml. of 0.1 u 
sodium bicarbonate buffer (pH 7.0), 0.2 ml. of 0.1 m sodium arsenate, and 1.3 ml. of 
water. The compounds were added as solids and arsenolysis was started by adding 
nic phos} 1.0 ml. of the rat liver enzyme preparation. Incubated for 1 hour at 37°. Ba-Zn 


— filtrates were made and analyzed for reducing sugar. 














——— Compound added Reducing sugar formed } Per cent inhibition 
e 
1 BM | 
2 1 ee aera ar ON Oe Peat 7.8 | ar 
78 wM desdxyribose. ... 5.2 | 34 
78 ‘* hypoxanthine’™. . 3.3 58 
2.0 “ ss settee | ¥.7 78 
20.0 “‘ adenine sulfateft......| Tet 2 
20) ** GhyMIMGE: b220. 4's | 6.4 | 19 
0.0 “ uracil*............... 6.4 | 19 
0 20.0 ‘* cytosine§............ 6.0 24 
* Commercial samples obtained from the Schwarz Laboratories, Inc., New York. 
+ Eastman Kodak Company, Rochester, New York. 
{ Paragon Testing Laboratories, Orange, New Jersey. 
§ Obtained from Dr. R. R. Roepke, American Cyanamid Company, Stamford, 
Connecticut. 
gents 0! 


in Table II. After 1 hour there were present in the incubation mixture 
7.9 um of desoxyribose, 7.9 um of hypoxanthine, and 12.1 um of HXDR. 
ting “| Another incubation mixture (Tube 2, Table III) was prepared which con- 
nee the} tained the same amounts of buffer, arsenate, water, and enzyme. To this 
were added 12.2 um of HXDR, 7.9 um of hypoxanthine, and 7.9 um of 
lesoxyribose. Ba-Zn filtrates were made immediately after the addition 
yxyribo} of the enzyme and | hour later. In Tube 1, 1.7 um of HXDR were split 
th time} during the 2nd hour of incubation. During the Ist hour of incubation in 
ted thal} Tube 2, 1.8 um were split. The good agreement obtained indicates that 
0 fouté) the inhibition of the arsenolysis by the final products, ¢.e. hypoxanthine 
vy. The} and desoxyribose, quantitatively explains the decline in the Kyonomoteular 
and the} with time. 
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Primary Product of Phosphorolysis of HXDR—In agreement with the 
results obtained by Friedkin and Kalckar (3) on the phosphorolysis of 
guanine desoxyriboside, our data indicate that an extremely acid-labile 
phosphate ester was formed during the phosphorolysis of HXDR. It may 
be seen in Table I that reducing sugar appeared in the perchloric acid 
filtrates but not in Ba-Zn filtrates made at the same time. Since free 
desoxyribose, when added to an incubation mixture, can be recovered 
quantitatively in Ba-Zn filtrates, the substance that produced reducing 
sugar in perchloric acid filtrates could not have been present in the incu- 
bation mixture as free desoxyribose. This suggested that during the phos- 
phorolysis of HXDR a labile phosphate ester was formed which was hy- 


Taste III 
Rate of Arsenolysis of Hypoxanthine Desoxyriboside by Rat Liver Nucleoside 
Phosphorylase 
The conditions under which the incubations were carried out are described in 
the text. The bicarbonate buffer was 0.05 mM, pH 7.0; arsenate 0.004 m. Incubated 
at 37°. 
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drolyzed to a reducing sugar in the process of making the perchloric acid 
filtrates. 

The presence of this ester in incubation mixtures was demonstrated by 
more direct methods. Neutral protein-free filtrates were made either by 
adding 1 volume of alcohol and filtering or by the sodium sulfate method 
of Deutsch, Eggleton, and Eggleton (12). There was a marked increase 
in reducing sugar when such filtrates were incubated at pH 1 for 10 minutes 
at room temperature and then neutralized. No appreciable amounts of 
reducing sugar were formed from HXDR under similar conditions. 

It was possible to show that this labile, non-reducing ester was a phos 
phate ester by using a modification of the Lowry and Lopez phosphate 
method (6). Under the conditions suggested by the authors (pH 4.0), no 
evidence was obtained for the existence of such an ester in either sodium 
sulfate or alcohol filtrates. This is in agreement with the finding of Fried- 
kin and Kalckar (3) that 50 per cent of desoxyribose-1-phosphate is hydro- 
lyzed in 10 minutes at room temperature in acetate buffer at pH 4.0. On 
raising the pH to 4.6 (the limit at which the Lowry-Lopez method can be 
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h the} used), it was possible to demonstrate in both filtrates an extremely labile 
sis of | phosphate ester, but even under these conditions the ester was completely 
labile} hydrolyzed in 20 minutes at room temperature. The acid-lability and the 
t may} non-reducing character of the phosphate ester obtained from HXDR indi- 
: acid} cate that it is desoxyribose-1-phosphate. 
e free} Isolation and Properties of Desoxyribose-5-Phosphate—An acid-stable 
vered| phosphate ester was also formed on incubation of HXDR with either en- 
lucing} zyme preparation (Table I). The rate of its appearance, as compared to 
incu-| the formation of reducing sugar in perchloric acid filtrates, is shown in Fig. 
phos-} 1. Curve B represents the sum of the amounts of desoxyribose-1-phos- 
us hy- 
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Fig. 1. The formation of reducing sugar (Curve B) and of stable organic phos- 
——— } phate (Curve A) during phosphorolysis of HXDR. The incubation mixture con- 
, tained 69 um of HXDR, 0.7 ml. of a 0.1 m phosphate buffer (pH 6.8), 0.12 ml. of 1.0 
IC acl 


u sodium fluoride, 5.0 ml. of the enzyme preparation from rat liver, and 6.2 ml. of 
water. The samples were deproteinized with perchloric acid immediately after the 
ted by | addition of the enzyme and after 4, 9, 19, 29, 44, and 60 minutes of incubation. 


her by F ; 
1 od phate and of the stable organic phosphate ester present, since the latter 
aeth ' ; 7 
ester, as will be shown below, is a reducing compound. An attempt was 
crease ; ; ; - : 
slid made to isolate and characterize the acid-stable phosphate ester formed in 
Linutes : ‘ : : : ; per 
wedi the phosphorolysis of HXDR. The incubation mixture contained 220 mg. 
mts eo | Zoos e ; oe 
i HXDR (790 um), 8.0 ml. of 0.2 m phosphate buffer (pH 7.3), 0.55 ml. of 
0 m sodium fluoride, 6.3 ml. of water, and 40 ml. of the enzyme prepara- 
1 phos: | .. : , , 
nate 9 02 obtained from thymus. Samples were withdrawn every 30 minutes, 
spna ] duce ° . F P . 
a leproteinized with perchloric acid, and analyzed for inorganic phosphate 
; U l md ’ . . 
“); ty the method of Fiske and Subbarow (10). The uptake of inorganic 
sodium | | : adie : Pe i 
Fried vhosphate reached a maximum (232 um) in 3 hours. The incubation mix- 
‘ried- a ; : ee = esa 
ae ‘ure was deproteinized in the cold with perchloric acid. The filtrate was 
vydro- 


On ‘tactionated by the barium salt procedure outlined by Umbreit, Burris, and 
Stauffer (13). The aleohol-insoluble barium salts, which would contain 
the monophosphate esters, weighed 94 mg. The barium salt (10.1 mg.) of 
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the desoxyribose phosphate isolated in this manner was dissolved in 1.0 ml, 
of water. Batt was removed with sodium sulfate, and the barium sulfate 
precipitate washed several times with water. The washings and the super. 
natant fluid were combined and diluted to a final volume of 3.0 ml. Anal- 
ysis of 10.1 mg. of the isolated barium desoxyribose phosphate for desoxy- 
ribose, organic phosphate, and reducing sugar is as follows: 9.8 um of 
desoxyribose,' 0.7 um of inorganic phosphate,? 12.2 um of organic phos 
phate,? 13.1 um of reducing sugar. 7 minutes hydrolysis with n HC 





H f H 
: ¥ 310," 
: ee GH. 4» 3 HCOOH 
HeC-OH a. ee 
H-C-OH + 
H,OPO;H H-C=O No Formaldehyde 
2 3tt2 @C= 
D-2edesoxyribose CH,OPO;H; 
-5ephosphate 


4 moles 10,” / mole Desoxyribose«5ephosphate. 





3 Ae) Ae? 
CH, CHz 
! 10,° ; 
H-C-O-PO,;H, ———*+———9 HC -O-PO;Hz 
H-C-OH H-C=O 
CH,0H + 
De2-desoxyribose HCHO 
-3 phosphate. 


Fig. 2. The formulae and probable products of periodate oxidation of p-2-des- 
oxyribose-5-phosphate and p-2-desoxyribose-3-phosphate. 


liberated 45 per cent of the organic phosphate. Reprecipitation of the 
barium salt did not increase its desoxypentose content. 

The point of attachment of the phosphate in this ester was determined 
by sodium metaperiodate titration. The method used was that described 
by Jackson (14). The excess periodate was determined by direct titration 
with 0.01 N arsenite to a starch end-point. In Fig. 2 are shown the formu- 
lae and probable products of periodate oxidation of p-2-desoxyribose-3- 
phosphate and p-2-desoxyribose-5-phosphate. The expected total perio- 
date consumption is indicated for the 5-phosphate ester; however, in the 
case of the 3-phosphate ester this cannot be estimated since it is not known 
how the intermediate, 4-carbon, phosphorylated dialdehyde would react. 

The periodate oxidation was performed in the following manner. A 


1 Cysteine-sulfuric acid test for desoxypentose (4). 
2 Fiske and Subbarow (10). 
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J ml} series of four tubes was prepared. The first was a blank containing 2.5 
lfate}| ml. of water and 0.5 ml. of 0.02 m sodium metaperiodate solution. The 
iper-| other three tubes each contained 0.3 ml. of the desoxyribose phosphate 
\nal-} solution prepared above, 2.2 ml. of water, and 0.5 ml. of the 0.02 m sodium 
oxy-| metaperiodate solution. The tubes were incubated at 27° and the perio- 
M of | date consumption was determined in one tube after 30 minutes, in the next 
yhos- | after 80 minutes, and in the last after 24 hours. The periodate consumed 
HCl} per mole of desoxypentose was 0.97 mole at 30 minutes and 1.02 moles at 
80 minutes. At 24 hours the periodate consumption was 4.5 moles per 
mole of desoxypentose or 3.6 moles per mole of organic phosphate. 

The desoxyribose phosphate could not be the 1-phosphate because it is 
areducing sugar. It is probably not the 4-phosphate ester, since the orig- 
inal HXDR has the furanose configuration (4) and the desoxyribose-1- 
phosphate that is formed on phosphorolysis would also have the furanose 
configuration. Therefore, the 4 position would be blocked and the phos- 
phate group could be transferred only to the 3 or 5 position. From Fig. 2 
it can be seen that both the 3- and the 5-phosphate esters would rapidly 
__ | consume 1 mole of periodate. However, in the case of the 3-phosphate, 1 
mole of formaldehyde would form, while in the case of the 5-phosphate 
ester, no formaldehyde would be formed. Another oxidation mixture of 
the desoxyribose phosphate and periodate was set up similar to the ones 
just described. After 85 minutes aliquots of the oxidation mixture were 
analyzed for formaldehyde by the colorimetric method of MacFadyen (15). 
No formaldehyde was found. 

On the basis of the periodate oxidation of the material, it is suggested 
that the phosphate ester that was isolated was probably desoxyribose-5- 
-des- | phosphate. 


DISCUSSION 


r the The reactions that occur when HXDR is incubated with the tissue ex- 
tracts can be summarized by the following scheme. 


Lined 
‘bed (A) 
; HXDR + phosphate = hypoxanthine + desoxyribose-1-phosphate 
ation (B)] 
rmu- desoxyribose-5-phosphate 
se-3- = ; 4 F ‘ 
wn Friedkin (16) has shown that Reaction A is reversible by demonstrating 


that HXDR was formed enzymatically from desoxyribose-1-phosphate and 
me hypoxanthine. We have also observed nucleoside synthesis with the en- 
act, | me found in cell-free extracts of Escherichia coli (17). The enzyme cata- 
\ lyzing Reaction B can be called phosphodesoxyribomutase, in analogy with 
~ | phosphoglucomutase. Reversal of Reaction B has not yet been demon- 
strated. 

Guanosine has also been incubated with the liver and thymus enzyme 


. the 
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preparations under conditions similar to those described in Table I. The 
ribose phosphate that formed by phosphorolysis was degraded by other 
enzymes present in the preparations. One of the products has been iden- 
tified as triose phosphate. These extracts also degrade added ribose-5- 
phosphate to similar products. However, we have not observed any de- 
crease in total desoxypentose (4) when HXDR was incubated with either 
enzyme preparation. This would indicate that desoxyribose-5-phosphate 
was not attacked further. 


The authors wish to thank Professor C. F..Cori for the kind advice he 
has offered during the course of this work. 


SUMMARY 


1. Purine nucleoside phosphorylase from rat liver and calf thymus 
cleaves hypoxanthine desoxyriboside. Evidence is presented that desoxy- 
ribose-1-phosphate is a product of this reaction. 

2. Desoxyribose-l-phosphate is converted to desoxyribose-5-phosphate 
by an enzyme present in rat liver and calf thymus. This enzyme has been 
named phosphodesoxyribomutase. 

3. Desoxyribose-5-phosphate was isolated as the barium salt from the 
products of phosphorolysis of hypoxanthine desoxyriboside. The ester was 
characterized by sodium metaperiodate oxidation. 

4. Hypoxanthine desoxyriboside undergoes arsenolysis in the presence 
of the purine nucleoside phosphorylase. The products of the arsenolysis, 
hypoxanthine and desoxyribose, inhibit the reaction. 


BIBLIOGRAPHY 


. Klein, W., Z. physiol. Chem., 281, 125 (1935). 

. Kaleckar, H. M., J. Biol. Chem., 158, 723 (1945). 

. Friedkin, M., and Kalckar, H. M., J. Biol. Chem., 184, 437 (1950). 

. Manson, L. A., and Lampen, J. O., J. Biol. Chem., 191, 87 (1951). 

. Kalekar, H. M., J. Biol. Chem., 167, 461 (1947). 

. Lowry, O. H., and Lopez, J. H., J. Biol. Chem., 162, 421 (1946). 

. Colowick, S. P., Cori, G. T., and Slein, M. W., J. Biol. Chem., 168, 583 (1947). 

. Nelson, N., J. Biol. Chem., 158, 375 (1944). 

. Klein, W., in Bamann, E., and Myrbiick, K., Die Methoden der Ferment- 

forschung, Leipzig (1945). 

10. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 

11. Warburg, O., and Christian, W., Biochem. Z., 303, 40 (1939). 

12. Deutsch, A., Eggleton, M. G., and Eggleton, P., Biochem. J., 32, 203 (1938). 

13. Umbreit, W. W., Burris, R. H., and Stauffer, J. F., Manometric techniques and 
related methods for the study of tissue metabolism, Minneapolis (1945). 

14. Jackson, E. L., in Adams, R., Organic reactions, New York, 2, 341 (1944). 

15. MacFadyen, D. A., J. Biol. Chem., 158, 107 (1945). 

16. Friedkin, M., J. Biol. Chem., 184, 449 (1950). 

17. Manson, L. A., and Lampen, J. O., Federation Proc., 9, 397 (1950). 


OHOONANHEWHN 


THE EI 


By 
(F 


The p 
tion of 
In the t 
white p1 
protein 
many W 
physiol 
before ¢ 
but inf 
the blo 
hen, ha 

Elect 
ations 
been er 
or plas 
compat 
certain 
this co: 
were u 
mestic 


The 
tigatec 
(d) pu 
but fe 
Kansa 

*Cc 
present 

+T 
fulfilm 
1950. 

1T} 
partmy 





XUM 


The 
other 
iden- 
se-). 
y de. 
ither 
hate 


e he 


ymus 
30xy- 


hate 
been 


. the 


Was 


ence 
lysis, 


947), 


nent- 


8). 
3 and 


THE EFFECT OF AGE AND DEGREE OF MATURITY ON THE 
SERUM PROTEINS OF THE CHICKEN* 


By L. W. BRANDT,}+ ROBERT E. CLEGG, anp A. C. ANDREWS 


(From the Department of Chemistry, Kansas State College, Manhattan, 
Kansas) 


(Received for publication, October 13, 1950) 


The production of eggs by the domestic fowl necessitates the mobiliza- 
tion of relatively large amounts of proteins, fats, and other substances. 
In the time required to produce one egg, the hen secretes 3.5 gm. of egg 
white protein, albumen, in a 3 hour period, and this is only one-half of the 
protein in an egg (1). Furthermore, an efficient hen will produce eggs for 
many weeks and, therefore, will be subjected to a long period of normal 
physiological stress. Variations of the inorganic constituents of the blood, 
before and during egg production, have been repeatedly reported (2, 3), 
but information relative to the variations in the protein components of 
the blood serum, due either to the age or to the degree of maturity of the 
hen, has not been forthcoming. 

Electrophoresis is well adapted to the problem of investigating the vari- 
ations in the protein components of blood serum. The technique has 
been employed for the characterization and comparison of the blood serum 
or plasma proteins of many animal species (4-6) and has been used to 
compare the serums from normal animals and from animals suffering with 
certain pathological conditions (1, 7). In the investigation described in 
this communication, both salt precipitation and electrophoretic techniques 
were used to study the changes occurring in the serum proteins of the do- 
mestic fowl from a very early age until the birds were in full egg production. 


EXPERIMENTAL 


The serums of the following age groups of the domestic fowl were inves- 
tigated: (a) 4 to 7 week chicks, (b) 4 month pullets, (c) 4 month cockerels, 
(d) pullets in the 1st week of egg production, and (e) laying hens. With 
but few exceptions the pullets were New Hampshire reds and the cockerels, 
Kansas white rocks.! . 


*Contribution No. 427, Department of Chemistry. A preliminary report was 
presented at the meeting of the American Chemical Society, Chicago, 1950. 

} This material is part of a dissertation submitted by L. Warren Brandt in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy, February, 
1950. 

‘The birds for this investigation were supplied by the Poultry Husbandry De- 
partment, Kansas State College. 
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The serums were prepared from blood clots by mild centrifugation. Or 
portion of each sample was analyzed for the various protein fractions by 
the salt precipitation method of Kibrick and Blonstein (8), and the re. 
mainder was subjected to electrophoretic analysis. All serum samples rep. 
resent individual chickens. 

For the electrophoretic analysis, a borate buffer, pH 8.6, containing 0.(j 
M boric acid, 0.05 m potassium chloride, and 0.012 m sodium hydroxide 
was used in all cases. Preliminary experiments showed that the mobiliti« 
of the protein components were high in the borate buffer. As will be indi. 
cated subsequently, the better resolution of one particular protein compo- 
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Fig. 1. Comparisons of the sodium sulfate fractionations of the blood serum oi 
young and mature chickens. Group A, 4 to 7 weeks (five samples); Group B, ! 
month roosters (ten samples); Group C, 4 month hens (ten samples); Group D, 
18 month, laying hens (nine samples). 


nent was an important factor in the decision to use the borate buffer. All 
electrophoresis experiments were carried out at 0.5° in the Tiselius apps 
ratus as modified by Longsworth (9) at a constant potential gradient of 6 
volts per cm. for 7200 seconds. 

The mobility data were calculated from the ascending patterns, becaus: 
a fast moving fraction in the serum of the laying hens was more clearly 
defined in these patterns. 

The results of the determination of the protein fractions by the Kibrick 
and Blonstein method are presented in Fig. 1 and show some important 
differences in the serum fractions as the birds mature and the female be- 
gins her phase of reproduction. The most striking difference is encout- 
tered in the analysis for total protein. The serums of the 4 to 7 week 
chicks contained 3.36 + 0.25 gm. per 100 ml. of protein, as compared with 
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a value of 5.40 + 0.71 gm. per 100 ml. for laying hens. The values ob- 
tained for the 4 month cockerels and the non-laying hens were intermedi- 
ate, being 4.68 + 0.29 and 4.49 + 0.37 gm. per 100 ml., respectively. 
There was comparatively little variation in the albumin fractions, and, 
although the lower value demonstrated by the non-laying hens is con- 
sidered significant, no explanation is apparent. The amount of a-globulin 
generally increased. The values varied from a low of 0.74 gm. per 100 
ml. for the 4 to 7 week chicks to 1.30 gm. per 100 ml. for the laying hens. 
The serums of cockerels and non-laying hens were intermediate, contain- 
ing 0.98 and 0.81 gm. per 100 ml., respectively. No significant variation 
occurred in the 8-globulin fraction. The y-globulin of the 4 to 7 week 
chicks, however, was extremely low, 0.40 gm. per 100 ml. compared to 
1.43, 1.67, and 1.78 gm. per 100 ml. for the cockerels, non-laying hens, and 
laying hens. The low y-globulin exhibited by the young birds is in keep- 
ing with the fact that these birds may not have developed the antibodies 
which would be produced by later exposure to various organisms; however, 
the possibility should not be excluded that a large portion of the y-globulin 
found in the older birds may be a normal development as the birds mature. 

The results of the Kibrick and Blonstein determination demonstrate an 
increase in the total protein and a a-globulin fraction as the birds mature, 
a very small amount of y-globulin in the young birds, and a marked simi- 
larity between the serums from the non-laying hens and cockerels of the 
same age. 

An examination of the results of the electrophoretic analyses, summa- 
rized in Fig. 2 and Table I, in general, confirms the generalizations indi- 
cated by the salt fractionation method. However, these data offer some 
important additional information. A fast moving fraction in the pattern 
of the laying hens, Component 1, moving ahead of the albumin and noted 
previously by Deutsch and Goodloe (5) in the plasma of chickens, was not 
found in the serums of the other groups. As shown in Fig. 2, the patterns 
of the 4 to 7 week chickens, the 4 month cockerels, and the 4 month pullets 
did not contain this fast moving component, whereas it was present in the 
pattern obtained from the serum of the laying hen. This fast moving 
component was present in the serums of all of the laying hens and was 
absent in all samples obtained from non-laying hens. In order to elimi- 
nate the possibility that the fast moving fraction was characteristic of 
maturity alone, the serums of two non-laying, adult hens (as determined 
by autopsy after bleeding) and two adult roosters (13 years of age) were 
analyzed electrophoretically. The fast moving fraction was not present 
in these samples. This suggests a relationship between the fast moving 
component and egg formation. 

The percentages of the electrophoretic components of the laying hens 
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were determined by the method of Tiselius and Kabat (10) and the amount 
of Component 1 was calculated to be 5.1 + 3.9 per cent. The amount was 
small and quite variable, but the component was always found in the serum 
patterns of laying hens. 

An examination of the data in Table I shows that Component 1, with 
mobility of approximately 12, is not evident in the non-laying groups. In 





A t 
6 € 
a¢-——_______, d 
B 
6 € 
oe —_______» 4 
6 wi € 
Qe ----- _— ee 
6 D 
€ 
— Se 


Fic. 2. Electrophoretic patterns of the blood serum of young and mature 
chickens. A, 4 to 7 week chicks; B, 4 month roosters; C, 4 month hens; D, laying 
hens. 


addition, its sudden appearance in hens just starting egg production empha- 
sizes the relationship between Component 1 and egg formation. 

Since Component 1 was present in the serum of the hens just starting 
production and on a growing ration, as well as in the serum the laying hens 
maintained on a laying ration, the diet can be eliminated as a possible 
source of this component. 

In general, with the exception of Component 8, all of the groups showed 
good agreement. Component 3, present in Groups A, B, and C was ab- 
sent from the serum of all but one of the laying hens. 
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It should be emphasized that this fast moving fraction, Component | 


was not evident in the pictures obtained by the use of all buffers employed} 


in our preliminary studies. For example, the pattern obtained by the us 
of veronal buffer did not demonstrate the presence of this fast moving frac. 
tion, whereas the veronal-citrate and boric acid buffers permitted resolu- 
tion of this fast moving fraction. Since Component 1 was more clearly 
defined in the boric acid buffer, this buffer was employed in the present 
study. The difference in the ability of various buffers to resolve Compo- 
nent 1 no doubt accounts for its absence from the electrophoretic pattern 
obtained by other workers. 
DISCUSSION 


The results by the Kibrick-Blonstein method showed that, as the birds 
mature, the total protein and the y-globulin fraction of the serums increase. 
A much greater variation in the protein content of the serum of the laying 
hens was also observed. In addition, the electrophoretic patterns revealed 
the important fact that a fast moving fraction, present in the serums 0 
the laying hens, was absent from the serums of the non-laying hens ané 
cockerels. The electrophoretic mobilities of the various components ex- 
hibited good agreement and emphasize the fact that a fast moving fraction, 
which may be related to egg formation, was present only in the serum oi 
the laying hens. This supports the work of Roepke et al. (11) who demon- 
strated, immunologically, that a substance present in the blood of laying 
hens was absent from the blood of non-layers and cockerels. Substances 
which are amenable to study by immunological methods may be present 
in amounts too small to be determined by chemical or electrophoretic anal- 
yses. In the present investigation, however, the component, althougl 
small, is clearly evident in the electrophoretic pattern, and its appear 
ance at the start of egg production indicated a possible relationship to egg 
formation. 

The appearance of this electrophoretic component in the serum of laying 
birds is paralleled by variations in the other serum components. For ex: 
ample, calcium and phosphorus variations have been extensively studied 
In this respect, the appearance of extra bound calcium in the blood serum 
of laying hens has been repeatedly reported (2, 3), but this bound calcium 
has not been related to variations in the serum protein components. An 
understanding of the interrelationships of the fluctuation of the blood con- 
stituents would, no doubt, lead to a better understanding of the physio 
logical factors influencing egg formation. The present investigation is the 
first step in this general study. 

SUMMARY 


1. Comparisons of the serum proteins of young and mature chickens 
have been obtained by salt precipitation and electrophoretic analysis. 
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2. In general the total protein, a-globulin, and y-globulin increased with 
age. Little difference was noted in the albumin or 6-globulin fractions. 

3. A fast moving component not observed in the other groups was noted 
in the electrophoretic pattern of the serum of the laying hen. 

4. The possible relationship of this fraction and egg formation was dis- 
cussed. 
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ADENOSINETRIPHOSPHATE FORMATION IN THE 
OXIDATION OF SUCCINIC ACID BY BACTERIA 


By DAVID F. HERSEY anp SAMUEL J. AJL 


(From the Department of Bacteriology and Immunology, Washington 
University School of Medicine, St. Louis, Missouri) 


(Received for publication, January 2, 1951) 


In a previous paper (1) evidence was given to show that inorganic phos- 
phate is esterified when succinate is incubated aerobically with cell-free 
extracts of Escherichia coli in the presence of inorganic phosphate. Based 
upon residual succinate determinations and upon the theoretical oxygen 
uptake for oxidation to fumarate, the data have been interpreted to mean 
that phosphorylation of inorganic phosphate occurs as a result of the single 
step oxidation from succinate to fumarate. However, no attempt was 
made to determine the actual end-products of the reaction. The com- 
pound containing the acid-labile phosphate was not identified. 

By the use of inorganic P®, carrier adenosinetriphosphate (ATP), and 
paper chromatography, it has been possible to show that the compound 
containing the acid-labile phosphate has the same Rr as known adenosine- 
triphosphate, and, by determining the end-products of succinic acid oxi- 
dation, it has been possible to confirm that a one-step oxidation is in- 
volved. 


Methods 


Cell-free preparations of acetate-grown E. coli (E-26) were prepared as 
previously described (1). Unlike the previous experiments, only those 
preparations which showed an O, uptake on succinate and little or no 
activity on both fumarate and malate were chosen. 

The experiments were carried out in the usual Warburg apparatus at 
30°. Oxygen uptake was measured at this temperature with NaOH in 
the center well to absorb CO:. At the end of the incubation period, the 
various products were separated and the distribution of radioactivity was 
determined. 

The reaction mixture was first acidified with 12 N sulfuric acid and the 
proteinaceous material removed by centrifugation. The supernatant solu- 
tion containing the water-soluble components of the reaction was treated 
with approximately 5 ml. of magnesia mixture (0.1 M MgSO, in 1 m NHyCl) 
and 0.05 ml. of 0.1 mM phosphate buffer, pH 7.4 (as diluent for the inor- 
ganic P*), The mixture was brought to approximately pH 9.0 by the 
addition of 0.02 ml. of concentrated aqueous ammonia (15 N). The con- 
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tents were stirred and left standing at 5° for 4 to 10 hours. The mag 
nesium ammonium phosphate precipitate which formed precipitated all 


of the inorganic phosphate, including the inorganic P®. The separation | 


of inorganic P from esterified P made in this way was very effective, leay. 
ing behind little or no inorganic P. 
The procedure was carried out in the following manner: A contro 


way as the experimental one. When the supernatant solution of the 
control showed absolutely no activity after the magnesia treatment, it 
was assumed that the experimental sample was free of inorganic P®. Jf 
some activity was found in the control supernatant solution, both solu 
tions were decanted into tubes containing 0.05 ml. of 0.1 m phosphate and 
0.15 ml. of 10 n H.SO,. After mixing, 0.02 ml. of 15 N ammonia was 
added. The tubes were stirred and again allowed to stand for 4 hours. 
The tubes were then centrifuged and the supernatant solutions decanted 
into clean tubes. Invariably these solutions were free of inorganic P®, 
Aliquots of these supernatant solutions were used for the determination 
of (1) reaction products and residual succinic acid, (2) inorganic and 
esterified phosphate, and (3) esterified P® in carrier ATP. 

The esterified P® in carrier ATP was further isolated by strip paper 
chromatography, according to the method of Carter (2) and Cohn and 
Carter (3). Identity of the ATP was confirmed in two ways. First, 
the Rr of known ATP was compared with that of carrier ATP obtained 
after completion of the experiment, and, second, identity of ATP was 
confirmed by determining the ratio of adenine to 7 minute acid-labile 
phosphate after elution from the strips with dilute acid. Esterified P® 
was usually measured directly on the strip, since it was possible under 
ultraviolet light to mark carefully the spot associated with ATP. Fur 
ther, radioautographs were made by exposing these strips to a photo 
graphic plate. However, accurate counts of the esterified phosphate were 
made on the eluted samples. All radioassays were made with a conver- 
tional end window Geiger-Miiller tube counter connected to a Tracerlab 
autoscaler. Solutions were pipetted on recessed stainless steel disks ot 
small watch-glasses and counted after drying under an infra-red lamp. 

Aliquots of the supernatant solution, upon which end-products and 
residual succinate were to be determined, were placed on large filter paper 
sheets and chromatographed according to the method of Lugg and Over 
ell (4). The bands corresponding to the various compounds were eluted 
with water and quantitatively determined as follows: malate by the 
method of Korkes and Ochoa (5), fumarate by the procedure of Harrisot 
(6), citrate by oxidation with ceric sulfate,! and residual succinate by the 
conventional beef heart succinoxidase preparation. 


1Details of this method will be described elsewhere. 
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mag) P% was obtained from the Atomic Energy Commission as H;PQ,. Be- 
d all} fore use the material was hydrolyzed with 1 N HCl at 100° for 10 minutes 
ution! to remove small amounts of pyro- and metaphosphoric acids. The ATP 
leav-| ysed was obtained from the Nutritional Biochemicals Corporation. 

| Inorganic and esterified phosphate were determined by the method of 
ntral | Fiske and Subbarow (7). 
Same | 
the EXPERIMENTAL 





it, it} The cell-free preparations used in this investigation catalyze the oxi- 
- If} dation of succinic acid to an equilibrium mixture of fumarate and malate, 
solu: | chiefly malate (Table I). Coupled phosphorylation has been demon- 


> and | strated in these preparations by measuring the net uptake of inorganic 
Was 











ours, TABLE [| 

unted | Stoichtometry of Succinate Oxidation by Cell-Free Extracts of E. coli which Show 

, pa No O2 Uptake on Either Fumarate or Malate 

ation End-products 

Sand | Ssbstt : Percent E | oy uptake 

Succinate | Fumarate | Malate | Citrate 

paper uM uM uM uM pl. 

. and | Succinate......... 4 ~3 49 ~2 4.1 467 

First Fumarate......... 14.3 11.3 5.0 3.8 64 
_) | Endogenous. ..... ~5 3.7 71 

ained 














> was | The experiment was carried out aerobically in the conventional Warburg cups 
labile | in a total volume of 2.8 ml. for 30 minutes at 30°. Substrates in 50 um concentra- 
.d Pt tions. In addition, each cup received 1 ml. of EF. coli extract, 0.5 ml. of PO, buffer, 
| pH 7.0 (0.2 m), 15 mg. of ATP, and 0.01 ml. of P* as neutralized H;PO,. 0.3 ml. 


under of NaOH in the center well; distilled HO to volume. 


Fur 
Jhoto- | phosphate with the formation of an acid-labile phosphate compound (1). 
: were | However, the small amounts of esterified phosphate formed did not per- 
nven- | mit identification of the compound. In the presence of carrier ATP and 
cerlab | inorganic P*, it is readily possible to demonstrate that the maintenance 
sks or | of the esterified phosphate of ATP is coupled to oxidation. In the ab- 
1p. sence of oxidizable substrate, ATP is dephosphorylated by phosphatases; 
s and | during active oxidation of added succinate, the level of esterified phos- 
paper | phate may be maintained at or somewhat below the starting level. The 
Over }se of inorganic phosphate, labeled with P®, provides proof that such 
eluted |maintenance is the dynamic result of dephosphorylation and oxidation- 
ry the }coupled rephosphorylation. After oxidation has taken place, a signifi- 
wrrison | (ant part of the inorganic P® is found in the esterified P fraction, e.g. ATP. 
py the | In Table I data are given on oxygen uptake, esterified P* which has 
een incorporated into carrier ATP, residual succinate, and products 
lomed during oxidation of succinic acid. It will be shown later that in 














XUM 








116 ADENOSINETRIPHOSPHATE FORMATION 
the absence of enzyme (e.g. just mixing ATP and inorganic P® and ont) 
cipitating the latter with magnesia mixture) no exchange of radioactive 
phosphorus takes place. The oxidation of succinic acid to an equilibriun | 
mixture of fumarate and malate results in the esterification of inorganic 
phosphate. When succinate (50 uM) served as substrate, 467 ul. of 0, 
were taken up with the formation of 49 um of malate and approximately 3 
uM of fumarate. 4 uM of succinate remained. It is clear, therefore, that 
the chief end-product of this reaction is malic acid. On this basis (0.5 mole 
of O2 per mole of succinate disappearing), the observed O, uptake would 
represent the oxidation of 41 um of succinate. 9 um should have remained. 
The actual observed value for residual succinate is 4 uM, a value not seri- | 
ously different from the theoretical. The value for malic acid is slightly 
high, for a maximum of only 43 um could have formed in this reaction. 
However, it is clear that the reaction is a one-step oxidation and that this 
dehydrogenation yields energy for the esterification of inorganic phosphate. 
The amount of citrate formed in these experiments is negligible. It should 
be pointed out that the O. uptake on fumarate and malate in this ex- 
periment was very low. 

When fumarate served as substrate, it is seen that, despite the aerobic / 
conditions, a surprisingly large quantity of succinate is formed, apparently 
arising from reduction of fumarate by endogenous hydrogen donors. This 
result was most unexpected, considering that the experiment was con- 
ducted in air. Krebs (8) showed that a fermentative dismutation of 
fumarate occurred in E. coli under anaerobic conditions, in which 7 mole- 
cules of fumarate gave 6 molecules of succinate and 4 molecules of car- 
bonate. It appears that a similar reaction occurred in this experiment, | 
owing perhaps to the denseness of the cell-free preparations used, which 
may have maintained the enzymes essentially in an anaerobic state. The 
occurrence of this unexpected side reaction complicates the quantitative 
interpretation of the experiments performed with fumarate as substrate. 
However, since no other products were detected in this experiment ex- 
cept malate, and, since no oxygen is involved in the fumarate and malate 
equilibrium, it can be assumed with reasonable certainty that, within 
the 30 minutes of the experiment, the 64 ul. of O2 uptake resulted from 4 
reoxidation of the formed succinate back to fumarate, and that this oxi- 
dation resulted in the esterification of inorganic P®. Endogenous 0: 
uptake also resulted in the esterification of inorganic P*®. 

Sodium fluoride apparently causes an increase in esterified P®. This 
can be seen in Table II, where the percentage of esterification is givel 
for a large scale experiment and is much higher than in Table I. 


) 


Endog 
Succin 
Succin 





Exp 
centra 
sodiun 
0.05 m 
volum 


Effect 


4) 





1 





The | 


fumara 
approxi 


In connection with the data presented in Table III, several observations) ter well 
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TABLE II 
Effect of NaF on Incorporation of P? into ATP 








Substrate P# esterified 
per cent 
NG MON GUE 240.0 SASL unc tem Oe ee ee 6.4 
Succinate........ So te ER EMT es se le eer 11.6 
BC OTEN EU Po ofc 55 5c oan d gs oA rst ee 14.8 








Experiment carried out in 30 ml. Warburg vessels. Total volume, 9.8 ml.; con- 
centration of succinate, 200 um; 0.5 ml. of phosphate buffer, pH 7.0 (0.2 m), 15 mg. of 
sodium ATP, 0.1 ml. of H;P%0O, (68 uc.), 5 ml. of cell-free extract, and 0.2 ml. of 
0.05 m NaF when indicated. 3 ml. of NaOH in the center well; distilled H.O to 
volume; time, 120 minutes; temperature, 30°; atmosphere, air. 


TaBLeE III 
Effect of Time on Incorporation of Inorganic P** into ATP during Oxidation of C,- 

















Dicarboxylic Acids 
Total counts in carrier ATP 
Time Substrates Os uptake due to presence of indicated 
substrate 

min pl. c.p.m. 
0 Succinate 0 0 
Fumarate 0 0 
Malate 0 0 
Endogenous 0 0 
2 Succinate 10 4980 
Fumarate 0 3260 
Malate 0 3260 
Endogenous 0 3260 
5 Succinate 50 7360 
Fumarate 5 6660 
Malate 5 6660 
Endogenous 5 4580 
10 Succinate 134 8020 
Fumarate 15 6760 
Malate 17 6860 
Endogenous 7 4520 
30 Succinate 319 7020 
Fumarate 73 6360 
Malate 74 5400 
Endogenous 27 5160 
50 Succinate 350 6480 
Fumarate 82 6000 
Malate 96 5860 
Endogenous 35 4740 





) 


The main compartment of the Warburg vessels contained 1 ml. of 0.1 m succinate, 
fumarate, or malate, 0.5 ml. of PO, buffer, pH 7.0 (0.2 m), 1 ml. of E. coli extract, 
approximately 5 mg. of ATP, and 1 ml. of inorganic P® (163,600 c.p.m.). The cen- 
ter well had 0.3 ml. of NaOH; side arm contained 0.3 ml. of H2SQ, tipped in at end 
of incubation period. Total volume, 4.0 ml. Experiment stopped with H:SQ, at 





60 min- 


times shown; temperature, 30°. 
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utes do these two C,-dicarboxylic acids lead to appreciable oxygen con- 
sumption. This is more clearly seen in Fig. 1. Second, there is 
incorporation of inorganic P® into ATP without observable O. uptake, 
However, it is significant that the uptake of 10 ul. of Og due to succinate 
oxidation raises the amount of inorganic P® esterified over and above 
the control. This holds true for every determination. Third, when an 
oxygen uptake is observed on fumarate and malate, inorganic P® also 
becomes esterified. 
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Fig. 1. Aerobic activity of cell-free extracts of HZ. colt on fumarate, malate, and 
succinate. Conditions exactly as those indicated in Table III. 





Demonstration of ATP Formation Due to Oxidation—Most of the es- 
terified P® was recovered in carrier adenosinetriphosphate, as is seen it 
Fig. 2. The radiograms were developed after a 3 hour exposure of the 
strips obtained by the ascending chromatographic procedure described 
for ATP by Carter (2) and Cohn and Carter (3). As seen from Fig. 2, 
succinate, fumarate, and endogenous oxidations all resulted in the in- 
corporation of inorganic P® into ATP. However, the larger and darke! 
spot was obtained with succinate for the same period of time and under 
the identical experimental conditions. The identity of ATP was verified 
by calibrating the chromatograms with known ATP, as well as by de- 
termination of the adenine to acid-labile phosphate ratios on the material 
eluted from ATP spots. 
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DISCUSSION 

In the experiments described in this paper, cell-free extracts were 
obtained which attacked neither fumarate nor malate while oxidizing 
succinate rapidly. When the actual stoichiometry was carried out (Table 
I), it was found that such preparations oxidize succinate to an equilibrium 
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Fig. 2. Radiograms of radioactive ATP spots after incubation with cell-free 
extracts and P*. The conditions were those described in Table I. Spot 1, activity 
in ATP due to cell-free extract plus succinate; Spot 2, activity in ATP due to cell- 
free extract plus fumarate; Spot 3, activity in ATP due to cell-free extract alone. 
Mixing inorganic P® and ATP resulted in no incorporation of the former into ATP; 
therefore, no spot is observed in the blank space between Spot 3 and the left end 
of the radiogram. 





mixture of malate and fumarate in the ratio of about 15:1 respectively. 
It is clear that we are dealing with a single step oxidation, irrespective of 
whether fumarate or its hydration product malate accumulates as the 
chief end-product. 

The salient fact which emerges from all the data in this paper is that 
the oxidation of succinic acid to fumarate or to fumarate + malate re- 
sults in the formation of a compound with the same Rr as known adeno- 
sinetriphosphate. The incorporation of inorganic phosphate into high 
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energy phosphate has been demonstrated by many workers, either by 
adding a large amount of adenylic acid and showing ATP synthesis, or 
by adding a catalytic amount of adenine dinucleotide and a large amount 
of a phosphate acceptor, such as creatine, glucose, or hexose monophos- 
phate. In some instances 7 minute acid-hydrolyzable phosphate has 
been assumed to be ATP. The technique employed in this paper for the 
demonstration of ATP formation is relatively simple, although it has its 
shortcomings. The per cent incorporation of inorganic P® will depend, 
in addition to the time at which the reaction is stopped, upon the con- 
centration of ATP carrier and the ability of the oxidation to cause esteri- 
fication. For example, as shown in Table III, after incubation of inor- 
ganic P*, ATP, and cell-free extracts for 2 minutes, in the absence of 
any observable O. uptake, 3260 c.p.m. were recovered in carrier ATP. 
However, 10 ul. of O. uptake due to succinate oxidation resulted in an 
increase of 1620 ¢.p.m. in the ATP over and above the control. The 
exchange between inorganic P® and ATP in the absence of substrate is 
obviously due to reactions other than oxidative phosphorylations. Cal- 
culations of rates of turnover obtained from incorporation rates in the 
first stage of the oxidation are also complicated by the continued fall 
in the specific activity of the inorganic P pool due to dilution of inactive 
P arising from the continuous dephosphorylation of carrier ATP.  There- 
fore, only total effects can be observed and the measurement of inorganic 
P* in ATP provides a convenient indicator for such observations. 

The values of per cent incorporation of inorganic P® given in Table | 
are only semiquantitative indications of the rate of esterification of in- 
organic phosphate. The complexity of the exchanges’ taking place pre- 
vents any simple derivation of rates of formation of newly esterified 
phosphate. Friedkin and Lehninger (9) have shown that within 2 min- 
utes 16.1 per cent of inorganic P® was esterified with an O, uptake of 
5 ¢mm. Within 10 minutes a plateau was reached at which about 55 
to 60 per cent of the inorganic P* was in the esterified form with an O, 
uptake of 32.¢.mm. In 40 minutes the O: uptake was 125 ¢.mm., but the 
esterified P® remained essentially the same. It appears from our own 
data that the same thing is happening (Table IIT). After 10 minutes 
a maximum of 8020 ¢.p.m. is found in the ATP with an O, uptake of 134 
wl. on succinate. After that time the amount of phosphorylated P® 
remains essentially constant. It should be noted, however, that as much 
as 134 ul. of O. uptake was necessary to observe the plateau that Friedkin 
and Lehninger observed with about 67 ¢.mm. 

The question still remains whether the incorporation of inorganic P® 
into ATP can be due to the single oxidation step between succinate and 
fumarate. From the data obtained this is apparently the case. The 
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consumption of small amounts of O2 (Table III) on fumarate and malate 
is associated with esterification of inorganic P® over and above the con- 
trol. However, at all time intervals, succinate is oxidized much more 
rapidly and the incorporation of inorganic P® is much greater. Since 
so little oxidation is necessary to reach the plateau, it might be argued 
that the minute oxidations of fumarate and malate actually cause the 
observed esterification and not the single dehydrogenation step between 
succinate and fumarate. That this is not the case is seen best in the 
2 minute experiment. Increased phosphorylation associated with O2 up- 
take is observed only with succinate and not with either fumarate or 
malate, which is not being oxidized. 


SUMMARY 


The single step oxidation of succinate to fumarate (fumarate-malate 
equilibrium mixture) by cell-free extracts of Escherichia coli results in the 
esterification of inorganic P® into adenosinetriphosphate. 


BIBLIOGRAPHY 


1. Hersey, D. F., and Ajl, 8S. J., J. Gen. Physiol., 34, 295 (1951). 

2. Carter, C. E., J. Am. Chem. Soc., 72, 1835 (1950). 

3. Cohn, W. E., yom Carter, C. E., J. Am. Chem. Soc., 72, 4273 (1950). 

4, Lugg, J. W. H., and Overell, B. T., Australian J. Sc. Res., Series A, 1, 98 (1948). 
5. Korkes, S., and Ochoa, 8., J. Biol. Chem., 176, 463 (1948). 

6. Harrison, K., Biochem. J., 33, 1466 (1939). 

7. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 

8. Krebs, H. A., Biochem. J., 31, 2095 (1987). 

9, Friedkin, M., and Lehninger, A. L., J. Biol. Chem., 178, 611 (1949). 











XUM 





sar’ 
et ¢ 
and 
wit. 
aml 
the 
enz 
gro 
den 
der 
foli 
ove 
adc 
the 
fact 
hib 
for 
rat] 


infl 
the 


wel 
wit 


wel 
gro 


per 
the 
dat 








XUM 


RELATION OF LEUCONOSTOC CITROVORUM FACTOR 
TO ACTIVITY OF LIVER CHOLINE OXIDASE* 


By J. N. WILLIAMS, Jr. 


(From the Department of Biochemistry, College of Agriculture, 
University of Wisconsin, Madison, Wisconsin) 


(Received for publication, February 26, 1951) 


In 1950 Muntz (1) observed that: the enzyme choline oxidase is neces- 
sary for transmethylation reactions from choline to occur in vitro. Dinning 
et al. (2, 3) observed that the choline oxidase activity of monkey liver 
and chicken bone marrow is markedly decreased by injecting the animal 
with aminopterin, a powerful folic acid antagonist, but not when 
aminopterin is added to the normal tissues in vitro. They suggested that 
the aminopterin functions by displacing folic acid from the choline oxidase 
enzyme and therefore considered that folic acid is probably the prosthetic 
group of choline oxidase. From the work of Nichol and Welch (4) it was 
demonstrated that rat liver possesses the ability to produce a folic acid 
derivative identical with the Leuconostoc citrovorum factor (LCF) when 
folic acid and ascorbic acid are incubated together with the tissue. More- 
over, ‘the conversion of folic acid to LCF is markedly inhibited by the 
addition of aminopterin (5). From this work it appeared logical that 
the active form of folic acid in animal tissues might be the L. citrovorum 
factor rather than folic acid as such and that the reason aminopterin in- 
hibited choline oxidase in the work of Dinning et al. was that the activator 
for choline oxidase was actually LCF (or a molecule containing that group) 
rather than folic acid, as they surmised. 

In the present work this concept has been studied by investigating the 
influence of LCF or substances known to give rise to LCF in rat liver upon 
the activity of choline oxidase in normal rats and in rats fed aminopterin. 


EXPERIMENTAL 


In preliminary work normal adult male rats of the Holtzman strain 
were used as experimental animals to develop the methods later employed 
with weanling rats. 

In the main investigations, weanling male rats of the Holtzman strain 
were employed as experimental animals. They were divided into two 
groups, one receiving a normal basal ration and the other receiving the 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Research Committee of 
the Graduate School from funds supplied by the Wisconsin Alumni Research Foun- 
dation. 
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same ration plus 4 mg. of aminopterin per kilo of ration. The basal ration 
was prepared as follows: Labco casein 18, vitamin mix (6) 2, Salts IV 
(7) 4, corn oil 5, and sucrose to make 100 per cent. After about 5 days 
on the aminopterin-containing ration, the animals began to die and there- 
fore were used immediately for the experiments. The normal weanling 
rats were used as soon as possible thereafter. 

The effects of various substances upon the liver choline oxidase ac- 
tivity of both groups of weanling rats were studied. Since it had been 
shown that rat liver was able to convert folic acid to LCF if ascorbic acid 
were present (4), the effects of ascorbic acid and folic acid singly and in 
combination upon choline oxidase activity in vitro were studied. Since 
aminopterin was known to inhibit the conversion of folic acid to LCF, 
the effect of the inhibitor was studied by adding it to the combination 
of folic acid and ascorbic acid and observing the resulting effects upon 
the liver choline oxidase activity. In addition, synthetic LCF (leuco- 
vorin, Lederle) was obtained and its effect upon liver choline oxidase of 
the two groups of rats was also studied. 

After the animals were sacrificed by decapitation, the livers were re- 
moved and homogenized in 5 parts of ice-cold 0.039 m sodium potassium 
phosphate buffer (pH 7.3). The homogenates were employed for the 
determination of choline oxidase activity, as described by Williams, 
Litwack, and Elvehjem (8). In the present experiments, flasks with 
double side arms were used, one side arm containing 0.5 ml. of 2 per cent 
choline chloride or water and the other side arm containing the substances 
whose effects upon choline oxidase activity were to be studied. These 
substances were added, respectively, to the second side arms at the following 
levels: 0.1 ml. of 1 per cent ascorbic acid (1000 y); 0.2 ml. of 8 mg. per cent 
folic acid (16 y); combination of 1000 y of ascorbic acid plus 16 y of folic 
acid plus 0.1 ml. of 0.45 per cent aminopterin (450 y); 0.2 ml. of 12 mg. 
per cent LCF (leucovorin, Lederle) (24 7); and a combination of 24 y of 
LCF plus 1000 y of ascorbic acid. Water was added to the second side 
arm to bring its final volume to 0.5 ml. 

After the flasks containing 1 ml. of 1:6 homogenate, choline, or water 
in one side arm, and the substances whose effects were to be studied or 
water in the second side-arm, had reached temperature equilibrium at 
37° in a Warburg bath, the contents of the second side arm were added 
to the homogenate and the mixture incubated for 30 minutes. The 
choline or water was then added from the first side arm, the stop-cocks 
were closed, and choline oxidase activity was measured for 10 minutes. 


Results 


The results of the preliminary experiments with normal, adult male 


rats are presented in ‘Table I. [t was considered important to present 
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a these results as well as those from the weanling rats to show that the effects 
IV observed with the weanling rats can also be demonstrated in normal adult 
rats, though the effects are not as marked. The data have been recorded 


wh : both in terms of choline oxidase activity (microliters of Oz per 10 min- 
line utes per 167 mg. of liver) and in the effect in per cent of the various sub- 

stances added in wtro upon the choline oxidase activity of the controls. 
- From these results it can be observed that ascorbic acid or folic acid alone 
ai stimulated the normal choline oxidase activity to only slight extent. 
with However, when both folic acid and ascorbic acid were incubated together 
lin with the liver homogenates, a significant increase in choline oxidase ac- 
ines tivity occurred. Moreover, when aminopterin was incubated with the 


CF ascorbic acid and folic acid, the stimulation was significantly less than 
pre. when aminopterin was omitted. In every animal used for compiling 























tion 

ipon Tasie I 

uco- Effect in Vitro of LCF Precursors and Aminopterin upon Liver Choline Oxidase 
e of Activity of Normal Adult Rats 

> Te- Substances added in vitro . No. of rats "Ser 10 mig pero ma nin fee 
sium 

the pl. O2 per cent coniral 
ams, None. betes e eee 4 71 | 

with Ascorbic Cid’... 3 73 | +3 

BONO! BGI 5 0.05556.,6.05.4/ ine 3 76 | +7 

cent Ascorbic + folic acid.............. 4 82 +16 
nces £ + “ “ + aminop- | 
‘hese I icine eat aekieeen | 4 79 +12 

wing 

cent | the data of Tables I and II, the stimulation or depression of stimulation 
folic | of choline oxidase activity was always in approximately the same re- 
/™g: | spective ratios as those of the average results recorded. Therefore, al- 
x of though the magnitudes of the effects are relatively small, the effects 
side | themselves are considered significant. 

In Table II are presented the results with the weanling rats fed the 
vate | basal or the basal plus the aminopterin rations. Here it can be seen that 
od OF | the animals fed aminopterin exhibited a lower choline oxidase activity 
m at | than that of the normal controls. It can also be observed that ascorbic 
dded acid and folic acid, when incubated in vitro with the liver homogenate, 

Che | stimulated choline oxidase activity both for the basal and the basal plus 
cocks | the aminopterin groups. In both cases the stimulation of the group fed 
utes. | gminopterin was higher than that of the group fed the basal ration alone. 

When ascorbic and folic acids were incubated together, the stimulation 

Was quite marked for both groups, though again it was significantly higher 
a | for the group fed aminopterin. When aminopterin was included in the 
esen 
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incubation mixture with ascorbic acid and folic acid, stimulation still 
occurred, though it was less in both groups than when aminopterin was 
omitted from the flasks. Therefore, it appears that if the conversion of 
folic acid, in the presence of ascorbic acid, to LCF is a factor causing the 
stimulation of choline oxidase, the conversion is inhibited by the presence 
of aminopterin, though not completely. The slight stimulation by either 
ascorbic or folic acid alone probably indicates that small amounts of these 
factors in the liver can be efficiently utilized when an excess of the other 
is added. 

When synthetic LCF was incubated with the liver homogenates of the 


TaBLe II 


Effect in Vitro of LCF Precursors, Aminopterin, and LCF upon Liver Choline Oxidase 
Activity of Weanling Rats Fed Basal or Basal Plus Aminopterin Rations 





Group receiving basal ration Group receiving basal ration + 














aminopterin 
Substances added é# vitro Choline oxidase Choline oxidase 
No. of |activity, per 10} Effect of | No. of | activity, per 10| Effect of 
rats min. per 167 substances rats |min. per 167 mg.| substances 
mg. liver liver 
ul. Or pt ul. Or ea 
emer (in: | 51 16 40 
Ascorbic acid......... 6 52 +2 8 44 +49 
Folic acid. ........... 6 55 +8 10 46 +15 
Ascorbic + folic acid.| 10 61 +22 8 52 +30 
it% a “ “ 
+ aminopterin..... 8 58 +13 8 49 +24 
11 Col SAS ee eee 6 51 0 12 44 +10 , 
“ + ascorbic acid 6 55 +8 8 45 +13 

















normal rats, no stimulation was observed; however, with the rats receiving 
aminopterin, stimulation occurred, though not as much as with folic plus 
ascorbic acid. Inclusion of ascorbic acid with LCF in the normal rat 
liver homogenates caused some stimulation, probably by protection of 
the added LCF. 

In earlier work from this laboratory (9) it was reported that, when folic 
acid was added in vitro to a system oxidizing choline, neither stimula- 
tion nor inhibition occurred. In those studies the vitamin was added to 
the homogenate at the same time as the choline. Therefore, it appears 
that incubation of the folic acid with the homogenate before addition 
of the choline is necessary to demonstrate the stimulatory effects reported 
in the present paper. 

From the results of Tables I and II it appears then that LCF is an im- 
portant factor in maintaining the activity of choline oxidase. It is diffi- 


Hai 
ana 
ami 
spe 


ow 
— 





NO oe 
m— tt ey FY 


Suge 
_ 


XUM 


J. N. WILLIAMS, JR. 127 

il : , , 
a cult to say, however, whether LCF is the coenzyme of choline oxidase, 
al since the synthetic LCF did not produce as much stimulation of activity 
in as did folic plus ascorbic acid. Possibly LCF itself must be incorporated 


an into another molecule, which is the specific coenzyme for choline oxidase. 


tnt However, the results present at least indirect evidence that LCF is im- 
we portant in maintenance of choline oxidase activity. 
nae Work with folic acid-deficient animals should give essentially the same 


results as those presented in this paper, and preliminary data indicate 
ee this to be the case. These results will be published shortly. 


SUMMARY 
dase 1. Results from incubation of liver homogenates from normal rats and 
ry. rats fed aminopterin with possible precursors of the Leuconostoc citrovorum 
, factor (folic acid and ascorbic acid) and with the synthetic factor itself 


indicate that liver choline oxidase activity is significantly stimulated 


by the L. citrovorum factor. 
t of 








thant 2. The stimulation of activity by folic acid plus ascorbic acid is in- 
| hibited somewhat by aminopterin added to the incubation mixture in 
eat vitro. 
3. Possible implications of the L. citrovorum factor as the coenzyme or 
9 as a part of the coenzyme of choline oxidase have been discussed. 
15 
30 The author wishes to express his gratitude to Dr. J. J. Oleson and Dr. 
~ Harry P. Broquist of the Lederle Laboratories Division, American Cy- 
10 anamid Company, Pearl River, New York, for the generous supplies of 
13 aminopterin and synthetic L. citrovorum factor (leucovorin, Lederle), re- 
— spectively. 
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EFFECT OF HISTIDINE DEFICIENCY UPON 
ENZYME ACTIVITY IN THE RAT* 


By JAMES W. BOTHWELL anv J. N. WILLIAMS, Jr. 


(From the Department of Biochemistry, College of Agriculture, 
University of Wisconsin, Madison, Wisconsin) 


(Received for publication, February 26, 1951) 


Recently several workers have reported that enzyme activity in the 
rat can be altered by dietary changes. It has been reported from several 
laboratories (1-4) that liver xanthine oxidase activity is reduced in rats 
fed low protein diets. Work at this laboratory has shown that xanthine 
oxidase activity is very sensitive to subtle changes in nitrogen intake (5). 
Williams, Denton, and Elvehjem (6) have reported that the activity of 
xanthine oxidase can be completely removed in rat liver by a methionine 
deficiency, while succinic dehydrogenase activity is decreased somewhat. 
A tryptophan deficiency has been shown by Williams and Elvehjem (7) 
to reduce liver xanthine oxidase activity markedly and to decrease ac- 
tivity of succinic dehydrogenase somewhat. 

In the present paper the study of the effects of amino acid deficiencies 
upon liver enzyme activity has been extended to histidine. The enzyme 
systems chosen for study were liver xanthine oxidase, succinic dehydro- 
genase, choline oxidase, and endogenous respiraton. Xanthine oxidase 
has been shown to be markedly affected by methionine or tryptophan de- 
ficiencies. Since succinic dehydrogenase activity has been shown to be 
somewhat affected by these deficiencies and is an example of an important 
enzyme of the tricarboxylic acid cycle, it was also included in the study. 
Choline oxidase activity was also determined because of its importance 
in transmethylation processes. Since endogenous respiration of the liver 
may be considered as a measure of general liver metabolic rate, the effects 
of lack of dietary histidine upon this factor were also studied. 


EXPERIMENTAL 


Twenty-eight male, weanling rats of the Holtzman strain were placed 
on the purified ration of Ramasarma et al. (8) for a week, or until an aver- 
age weight of approximately 60 gm. was reached. This ration consisted 
| of a purified amino acid mix (16 per cent), Salts IV (9), corn oil, the known 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Research Committee of 
the Graduate School from funds supplied by the Wisconsin Alumni Research Foun- 
dation, from funds supplied by the Nutrition Foundation, Inc., New York, and 
from the Robert Gould Research Foundation, Ine., Cincinnati, Ohio. 
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vitamins, and sucrose. The animals were fed and watered ad libitum 
during this period. At the end of that time, the animals were divided 
into four groups, two groups of six animals each and two of eight ani- | 
mals each. The two groups of six animals each were fed ad libitum | 
throughout the 14 day test period. One group of six was fed the basal | 
ration and the other the basal ration less histidine. All L-amino acids | 
used in the ration were shown to be histidine-free both by chemical and 
by microbiological assay. 

In order to insure a constant food intake, the second two groups were 
forcibly fed by stomach tube an amount (6 gm. per day) equal to the aver- 
age consumed by all of the groups during the 7 day adjustment period of 
feeding ad libitum. This feeding procedure was undertaken in order to 
negate any effects from inanition due to lowered food consumption on 
an amino acid-deficient ration (10) and to make it possible to compare 
the results directly with those obtained with the methionine deficiency 
(6). 1 week was required to accustom the animals to the procedure of 
forcible feeding and to increase the daily food intake to the desired level. 
At first feedings were made three times daily at 5 hour intervals, but it 
was later found necessary to feed four times daily to give the deficient 
animals an opportunity to utilize the food already in the gastrointestinal 
tract. All animals were given water ad libitum. 

Due to a very high mortality rate of the histidine-deficient, forcibly fed 
animals (ten out of sixteen), it was necessary to conduct three separate 
runs to obtain enough animals for significant averages. Deficiency signs, 
as evidenced by bloody mouth and paws and loss of weight, were noted 
after 4 to 5 days in animals forcibly fed the histidine-deficient ration. 
Two animals were removed for determination of liver enzyme activities 
after about 10 days when it became apparent that death due to histidine 
deficiency was imminent. 

The animals were killed by decapitation and livers placed immediately 
in cracked ice. A portion of each liver’ was quickly weighed, homogen- 
ized in 5 volumes of 0.039 m sodium potassium phosphate buffer, pH 7.3, 
and strained through gauze. This homogenate was used for xanthine 
oxidase determination according to the method of Axelrod and Elvehjem 
(11) and choline oxidase by the method of Williams et al. (12). A portion 
of the homogenate was diluted with buffer to give a 5 per cent homogenate, 
which was employed for measuring succinic dehydrogenase according to 
the method of Schneider and Potter (13). All three enzymes were as 
sayed at 30° with a Warburg bath. Aliquots of each homogenate were 
taken for nitrogen determination in duplicate by a semimicro Kjeldahl 
procedure. 

The number of cells per gm. of liver was estimated by the method de- 
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scribed by Price et al. (14). In this procedure, 0.002 per cent methyl 
green in 3 per cent acetic acid solution was used to stain the desoxy- 
ribonucleic acid of the cell nuclei specifically. An aliquot of 0.5 ml. of 
the original 16.7 per cent homogenate was diluted with 19.5 ml. of the 
stain solution. The stained homogenate suspensions appear to keep well 
for several weeks in the cold (5°), but before counting they should be well 
shaken, preferably on a shaking machine. 


Results 


The enzyme values, as presented in Tables I and II, are based on liver 
wet weight, liver nitrogen, and liver nuclei. The basis of cells per gm. of 
liver is used to express enzyme activity, since it is felt that this method 
offers a means of calculating enzyme activity on a per cell basis. Results 
reported on the basis of liver nitrogen enable one to compare changes in 
activity with changes in general liver protein. 

Xanthine oxidase activity is expressed in microliters of oxygen uptake 
per hour per gm. of fresh liver, per gm. of liver nitrogen, and per 10° liver 
cell nuclei. Choline oxidase and succinic dehydrogenase activities are re- 
ported as microliters of oxygen uptake per hour per mg. of fresh liver, per 
mg. of liver nitrogen, and per 10® liver cell nuclei. Endogenous respira- 
tion is expressed as microliters of oxygen uptake per hour per mg. of fresh 
liver, per mg. of liver nitrogen, and per 10® liver cell nuclei. 





Standard errors of the mean are reported only for enzyme activity based 
on liver fresh weight, although approximately the same relative devia- 
tions hold for the other results. As shown in Table I, a histidine defi- 
ciency with forcibly fed animals did not appear to influence markedly the 
activity of liver xanthine oxidase, choline oxidase, succinic dehydrogenase, 
or endogenous respiration. This is in contrast to results obtained with 
a methionine deficiency (6) in which the activity of xanthine oxidase was 
completely reduced and succinic dehydrogenase activity was somewhat 
decreased. These results are also different from those found with a tryp- 
tophan deficiency (7), in which xanthine oxidase and endogenous respira- 
tion were reduced markedly and succinic dehydrogenase noticeably 
decreased. With a histidine deficiency, there was no essential change 
in the activity of any of the liver enzymes studied, either ad libitum or 
forcibly fed, with the one exception of a slight increase of succinic dehy- 
drogenase activity, as shown in Table II. Animals on the deficient diet 
consumed ad libitum considerably less ration (4.8 gm. per day) than did 
animals on the basal diet (8.0 gm. per day) ad libitum and yet maintained 
activity of the liver enzymes studied. There were actually greater vari- 
ations of enzyme activities between the groups fed ad libitum and forcibly 
than were noticed between the basal and histidine-deficient groups. Table 
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III indicates that the histidine deficiency induces little change in liver\ esse 
nitrogen or the number of cells per gm. of tissue. It would seem to be} tidi 
indicated that, unlike tryptophan or methionine, dietary histidine is not} mai 
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TABLE I 
Effects of Histidine Deficiency upon Liver Enzyme Activities of Rats Fed Forcibly 
| Enzyme activity* ' I 
No. of eae ee litt] 
Enzyme determined Ration ani- Based on . 
mals Based on fresh liver — N liver enas 
nuclei 
a 
Xanthine oxidase......... Basal 7 {119 + 7f 4150 461 
Basal-histidine| 6 |122 + 29 4050 468 
Succinic dehydrogenase. ..| Basal 7 |18.7 + 1.3] 655 72.5 a 
Basal-histidine} 6 | 15.9 + 1.6] 528 65.7 7 al 
Choline oxidase........... Basal 7 2.48 + 0.13) 86.8 9.9 
Basal-histidine| 6 2.57 + 0.14 85.6 8.9 oo 
Endogenous respiration. ..| Basal 7 0.65 + 0.28) 33.4 3.73 Ay 
Basal-histidine| 6 0.82 + 0.37; 27.2) 2.94 
Be. 
* For individual enzyme units see the text. Gc) 
¢ Standard error of the mean. ) 
Tasue II ‘ | 
Effects of Histidine Deficiency upon Liver Enzyme Activities of Six Rats Fed ad Libitum 
Enzyme activity 9. 
E determined Rati 10; ¢ 
errs - ais Based on fresh Based on a - “ 
iver liver N fect: 4 
ed BE. 
Xanthine oxidase......... Basal 91 + 6 3165 423 7 
Basal-histidine | 102 + 9 3540 410 : 
Succinic dehydrogenase. ..| Basal 16.4 + 1.0 603 75.5 4 
Basal-histidine 21.0 +1.5 771 88.5 = 
Choline oxidase........... Basal 1.99 + 0.08 65.7 8.6 
Basal-histidine 1.81 + 0.10 60.0 8.0 
Endogenous respiration. ..| Basal 0.80 + 0.21 34.1 3.60 
Basal-histidine 1.06 + 0.31 41.3 4.01 
TaBLeE III 
Effect of Histidine Deficiency on Liver Nitrogen and Cell Nuclei 
Fed ad libitum Fed forcibly 
Component — 
Basal Basal-histidine Basal Basal-histidine 
Nitrogen per gm. fresh liver...| 27.3 28.9 28.7 30.1 
Nuclei per gm. fresh liver......}| 220 X 10° | 246 x 10° | 262 x 10° | 259 x 10° 
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essential to maintain activity of the liver enzymes studied. Perhaps his- 
tidine is internally synthesized by the rat to an extent sufficient to 
maintain the activity of these enzymes, yet not to the extent necessary 
for all its essential requirements. 


lit 


SUMMARY 


It has been observed that a histidine deficiency in weanling rats has 
tle effect upon the activity of liver xanthine oxidase, succinic dehydrog- 


enase, choline oxidase, or endogenous respiration in marked contrast to 
the effects noted with a tryptophan or methionine deficiency. 
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By J. M. COOPERMAN, R. DRUCKER, anv B. TABENKIN 


(From the Departments of Nutrition and Microbiology, Hoffmann-La Roche, 
Inc., Nutley, New Jersey) 


(Received for publication, February 2, 1951) 


Shorb (1) showed that Lactobacillus lactis Dorner requires an unknown 

factor for growth, and designated it as LLD. This factor was shown later 
to be identical with crystalline vitamin By, (2). Reducing agents could 
replace the vitamin By requirements of this organism (3). Although a 
suitable synthetic medium was devised which eliminated the need for the 
tomato juice eluate previously employed and which minimized the variable 
effects brought about by reducing agents (4), Shorb and Briggs showed 
that dissociation of the organism often occurred, resulting in strains not 
requiring vitamin By (5). 
) Skeggs et al. (6) suggested the use of Lactobacillus leichmannii ATCC 
4797 as a more stable assay organism. Hoffmann et al. (7) employed L. 
leichmannii 313 (ATCC 7830) in addition to the strain used by Skeggs et 
al. (6) and found that the addition of reducing agents, such as thioglycolic 
acid, improved the assay, presumably by protecting vitamin By from de- 
struction during autoclaving. Other assays for vitamin By: with L. leich- 
mannii in which reducing agents were incorporated into the medium have 
been reported (8, 9). 

During the course of an investigation in our laboratories to determine 
the assay organism and basal medium most suitable for routine analysis of 
vitamin By, it was found that the results obtained with L. leichmannii in 
a medium containing a reducing agent were consistently higher than those 
obtained with L. lactis. Subsequently it was found that the addition of 
cyanide ion to the basal medium of L. lactis gave results comparable to 
those obtained with L. leichmannii. Through the use of improved methods 
of culture maintenance and a revised basal medium, it was found that the 
L. lactis assay had certain advantages over that with L. leichmannit. 


EXPERIMENTAL 


Maintenance of Stock Culture—L. lactis Dorner ATCC 8000 was used in 
these studies. The stock culture was maintained by weekly transfer on 
the liver-tryptone agar of Nymon and Gortner (10). 

Inoculum Medium—For the inoculum broth, a clarified skim milk me- 


* Publication No. 237. 
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dium provided the best results. This consisted essentially of the ribo- 
flavin assay medium of Snell and Strong (11) to which 1 per cent clarified 
skim milk was added. The yeast extract and peptone included in this 
medium were untreated. However, Difco riboflavin assay medium also 
gave excellent results when enriched with clarified skim milk and _ ribo- 


flavin, and proved convenient. The clarified skim milk was prepared by | 


dissolving the skim milk powder in water, adjusting to pH 4.2 with dilute 
HCl, and then centrifuging. The supernatant solution was used after neu- 
tralizing to pH 6.8 to 7.0. 10 ml. portions of broth in Pyrex test-tubes 


plugged with cotton were autoclaved for 10 minutes at 15 pounds. The | 


precipitate which formed was centrifuged and the clear supernatant solu- 
tion was transferred aseptically into sterile tubes and used for growing 
daily inoculum. It was found advisable to prepare the inoculum broth at 
least once a month and to store it in the refrigerator until used. This 
medium provided heavy growth and allowed for standardization of the 
inoculum. One tube of a 24 hour inoculum was washed twice with 10 ml. 
portions of sterile saline and resuspended in sterile saline in a sterile Evelyn 
tube. The volume was then adjusted to a reading of 70 on the Evelyn 
colorimeter with the No. 660 filter. 1 drop of this suspension was added 
to each assay tube. 

Assay Medium—The synthetic amino acid medium of Caswell et al. (4) 
was satisfactory in obtaining good assay curves with Merck’s crystalline 
vitamin By as the standard. However, a less expensive medium, contain- 
ing hydrolyzed casein, based on that reported by Foster et al. (12) gave 
results comparable to those obtained with the amino acid medium. Suffi- 
cient medium for 1000 tubes was prepared and stored in the frozen state. 

Assay Procedure—Solutions containing vitamin By were added to 18 
X 150 mm. lipless Pyrex test-tubes containing distilled water to make a 
total of 2.5 ml. 2.5 ml. of basal medium were then added to each tube. 
Aluminum caps were placed on the tubes, which were then shaken and 
autoclaved at 15 pounds for 8 minutes. After cooling, the tubes were 
inoculated with 1 drop of inoculum and incubated at 37° for 40 hours. The 
entire procedure was carried out in dim light to minimize light destruction 
of vitamin By». After incubation, the contents of the tubes were titrated 
electrometrically with 0.05 n NaOH. 


Results 


Recently, a collaborative study of a proposed microbiological assay for 
vitamin By was sponsored by United States Pharmacopoeia.! The organ- 
ism used was L. leichmannii ATCC 7830, the medium contained tomato 


11950 United States Pharmacopoeia Study of the Microbial Assay for Vitamin By 
Activity, August 15, 1950. 
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ribo- } juice and ascorbic acid, and the incubation period was 72 hours. This 
‘ified | method was used to analyze a variety of crude and purified sources of 
this vitamin By and the results compared with those obtained with the L. lac- 
also | tisassay. It soon became apparent that the assay utilizing L. leichmannii 
ribo- _ provided consistently higher results than were obtained with L. lactis in 
d by | the non-cyanide-containing medium. Typical results are shown in Table I. 
ilute Since it has been shown (13) that vitamin B,2, has 30 to 100 per cent of 
neu- | the activity of vitamin By for L. lactis and that other forms of the vitamin 
ubes | may have lesser activity, it was thought that the discrepancies in the two 
The | assays may have been due to the difference in utilization of the various 
































solu- forms of vitamin By by the two microorganisms. Kaczka eé al. (13) have 
wing 
th at TasBLe I 
This Comparison of Vitamin Byz Assays Obtained with L. lactis and L. leichmannii 
— pacha betel 
0 ml. 
Sample No. 
velyn 0.5 y cyanide 
velyn No cyanide — No cyanide 
dded y per ml. y per ml. ¥y per ml. 
1. Injectable liver extract......................45 7.3 13.7 15.0 
(4) } 9 « ek Ae ee 11.3 11.0 
ulline | 3. a " ee er ce 4.2 8.5 7.7 
io“ 1% * en mee 9.1 10.2 
gave 5. Crude liver extract...... PM eel (1 0.60 0.53 
Suffi- 6. bie ee OND 5 los Del of Bal ee peste esee ees 0.36 0.77 0.85 
7. Vitamin Byz concentrate, fermentation source .. 2.7 5.8 5.3 
late. } go « « ee ae * 4 ee 32.0 23.4 
to 18 
ake a shown that these substances differ from vitamin By in that the cyano group 
tube. is replaced by other anions and regeneration of vitamin By may occur upon 
1 and the addition of cyanide ion. Accordingly, it was decided to incorporate 
were | cyanide ion in the form of KCN into the basal medium for L. lactis to de- 
. he termine whether higher assay values might then be obtained. Preliminary 
ons experiments showed that relatively high levels of cyanide ion were required 
rated in order to observe increased assay results, and that maximum effects oc- 
curred when 0.5 y of cyanide per tube was added. From Table I it is 
apparent that under these conditions good agreement in assay results be- 
; tween the L. leichmannii and L. lactis was obtained. That this amount of 
ny for cyanide (1.25 y of KCN per tube) is without effect upon crystalline vita- 
oul | min By is borne out by the fact that 100 per cent recoveries were obtained 


and that the growth curves resulting from the use of medium utilizing KCN 
ain Bz | are superimposable upon those obtained with the medium containing no 
KCN. The basal medium for the L. lactis assay is given in Table II. 
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Effec 
Other crude concentrates of vitamin By, were assayed with L. lactis in Ps t 
media with and without KCN. Some typical results are presented in } psulte 
Table III. Here again, there was an almost 2-fold increase in activity in| he 
; 
TaBLe II amoun 
Composition of 250 Ml. Double Strength Basal Medium those 
cyanid 
HCl-hydrolyzed casein* 1.0 gm. | Uracil 5 mg. 
Glucose B20)“ Salts Af 2.5 ml. 
Sodium acetate (anhydrous) a30. * f 1Gt 2.5 ‘8 
u-Cystine 100 mg. | Tween 80 2: mg —— 
pL-Tryptophan 100 me Calcium pantothenate 100 
pu-Alanine igo ** Riboflavin 100“ 
pL-Aspartic acid 50 oS Thiamine 100‘ 
Ammonium acetate 109; Niacin 100“ 
Fumaric acid 250  ‘* | Pyridoxamine 200 Injecta 
Sodium ethyl oxalacetate 250 “ | Biotin — Crude 
Adenine 5 “ | p-Aminobenzoic acid | Vitami 
Guanine 5 ‘“ | Folic acid 1 ds sour 
KCN 125 * Purifie 
> 5 ; 5 ment 
* 100 gm. of vitamin-free casein were refluxed with 6 Nn HCl for 8 hours. The 
mixture was then concentrated in vacuo to a thick syrup, reconstituted with 500 ml. 
of water, concentrated to a thick syrup, and again reconstituted and concentrated. 
The syrup was dissolved in water, adjusted to pH 3.0 with concentrated NaOH, and Per 
diluted to 950 ml. with water. The solution was then stirred for 1 hour with 20 
gm. of charcoal, filtered, and made up to 1 liter. 





{ Salts A contains 50 gm. of K,HPO, and 50 gm. of KH:PQ, dissolved in 500 ml, |~~— 
of water. Salts C contains 20 gm. of MgSO,-7H.20, 1 gm. of NaCl, 1 gm. of FeSO,-- 
7H:0, and 3 gm. of MnSO,-H.0 dissolved in 500 ml. of water. 























TaBLe III 

Trcrease in Assay Values Observed When Cyanide Is Added to Basal Medium — 
of L. lactis Vitam 
sol No ‘wk 
per ml. ¥ per ml. ducin 
1. Fermentation source of vitamin Byz............ 8.3 16.2 tratec 
2. “ aie silicate, errors 31.0 73.0 ae 
3. ; in SE aS fe i) eee ne ee 10.9 20.6 lactis 

4, Liver source of vitamin Biz. ................... 7.4 14.8 
____ | From 
P ; or Vitan 
the various samples when assayed in the presence of KCN. The addition In th 
of Cot* at various levels in addition to KCN did not improve the assay. ee f 


When solutions of ascorbic acid-inactivated crystalline vitamin By (as 
measured by L. lactis in the absence of KCN) were assayed in the new me- | *K 
dium (Table II), no additional activity was obtained. Attempts to regen- Comp 
erate the activity of these solutions with KCN were unsuccessful. 
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Effect of KCN on L. leichmannii Assay—The omission of reducing agents 
from the several media recommended for use with L. leichmannii (6-9) 
ce Il} resulted in distinctly lower assay values. 
ity iN} The addition of cyanide to these media, containing the recommended 
‘amounts of reducing agents, resulted in assay values closely paralleling 
those obtained in the cyanide-free media. However, it was found that 


ctis in 
ed in 


















































—— | cyanide at a level of 1.0 y per tube could effectively substitute for the re- 
an Tasie IV 
ee Effects of Reducing Agent and Cyanide on L. leichmannii Assay 
— Basal medium | Basal medium ——— 
— odessa Sade 
ee x per ml. 7 per ml. y per ml. 
iy Injectable liver concentrate................ 2.0 15.0 15.0 
ae Crude liver concentrate.................05. 0.13 0.63 0.63 
am Vitamin Biz concentrate from fermentation 
r WOUTOG © 655. FiSiStact st Stes aeieiaes Hemseneen 3.5 5.5 5.7 
. Purified vitamin Biz concentrate from fer- 
~The Mentation BOUFCE............ cece eee eens 6.0 33.0 30.0 
500 ml 
trated. TaBLE V 
H, and Per Cent Activity of Vitamin Bix and Hydroxo-cobalamin for L. lactis and L. 
vith 20 leichmannii in Absence and Presence of Cyanide and Reducing 
Agents, Compared to Crystalline Vitamin Bis 
500 ml, 
eS0,-- L. lactis L. leichmannii 
No rapide | Canis in | or sedcns | Retain | medium ao 
pon on medium ae 
um 
Vitalin’ Bias cscs ees d.. 30 100 10 100 100 
m ie : Hydroxo-cobalamin......... 30 100 10 100 100 
er tube 
ml. ducing agent in the L. leichmannii media. These relationships are illus- 
2 trated in Table IV. 
0 Samples of By? and hydroxo-cobalamin’ were assayed with both L. 
7 lactis and L. leichmannii with crystalline vitamin By, as the standard. 
_____ |From Table V it is apparent that these compounds are less active than 
ition Vitamin By: in the absence of cyanide or reducing agent from the medium. 
ss In the presence of thioglycolic acid or ascorbic acid both these compounds 
- are fully as active as vitamin By for L. leichmannii. It is interesting to 
.wme- | *Kindly supplied by the Lederle Laboratories Division, American Cyanamid 
regen- Company, Pearl River, New York. 
* Kindly supplied by Merck and Company, Inc., Rahway, New Jersey. 
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note the similarity in behavior of these compounds as far as microbiologi- 
cal activity is concerned. 


DISCUSSION 


9, Ske 
J 
10. Ny: 





11. Sne 


Under our conditions, the assay for vitamin By utilizing L. lactis has| 12, Fos 


several advantages over those with L. leichmannii. First, the use of re. 
ducing agents in the medium is eliminated. Secondly, tomato juice eluates 
and enzymatic digests of casein, which may vary from batch to batch, have 
been eliminated. These materials and the reducing agents tend to produce 
high blanks and therefore limit the useful range of the assay curve. 
Thirdly, in our experience, L. lactis is a faster growing organism, and 
shorter incubation periods are necessary. It has also been found that bet- 
ter precision of day to day assays is obtained. Through the use of in- 
proved culture methods it has been possible to maintain L. lactis for at 
least 2 years in a condition suitable for vitamin By: assay. 

When cyanide ion (or reducing agents) is incorporated into the medium, 
vitamin By, and hydroxo-cobalamin are as active as vitamin By. for both 
organisms. However, in the absence of cyanide or reducing agents, these 
substances have considerably less activity. Further experiments are nec- 
essary to determine which value is closer to the biological value in view of 
the fact that Kaczka et al. (14) have stated that vitamin By, (hydroxo- 
cobalamin) is less active for the rat and chick than is vitamin By. 


SUMMARY 


An improved assay for vitamin By, utilizing Lactobacillus lactis Dorner 
ATCC 8000, has been described which incorporates KCN in the basal me- 
dium. Results comparable to those obtained with Lactobacillus leichman- 
nit have been obtained on a variety of natural and partially purified vita- 
min By-containing materials. 
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SYNTHESIS OF PEPTIDES OF .t-SERINE AND THEIR 
CLEAVAGE BY PROTECLYTIC ENZYMES* 


By J. IEUAN HARRIS} anp JOSEPH S. FRUTON 


(From the Department of Physiological Chemistry, Yale University, 
New Haven, Connecticut) 


(Received for publication, February 27, 1951) 


An earlier communication (1) dealt with the application of the carboben- 
' zoxy method to the synthesis of peptides of L-serine. This work has now 
been extended, and an examination has been made of the response of sev- 
eral serine peptides and peptide derivatives to the action of peptidases. 

Synthesis of New Serine Peptides—In the course of the present study, 
the following new peptides were made: glycyl-L-serine, L-alanyl-L-serine, 
L-serylglycyl-L-glutamic acid, L-seryl-L-alanyl-L-glutamic acid, and L-seryl- 
glycyl-L-serine. In addition, several derivatives of these peptides are de- 
scribed in the experimental section of this communication. For the prepa- 

ration of these compounds, the methods used previously (1) in the synthesis 
of L-serylglycine, L-seryl-L-alanine, and L-seryl-L-serine were modified only 
slightly. 

It was noted earlier (1) that the synthesis of seryl peptides by means of 
the reaction of carbobenzoxy-L-serinazide with the ester of an amino acid 
(or peptide) may be attended by the formation of 4-carbobenzoxyamino- 
oxazolidone-2 as a by-product, thus reducing appreciably the yield of the 
desired peptide ester. In order to diminish the extent of this side reaction, 
the syntheses involving the use of the azide were conducted in a cold room 
at 4°, 

In the saponification of the carbobenzoxypeptide esters to the corre- 
sponding carbobenzoxypeptides, the yields were frequently unsatisfactory 
| when the reaction was conducted in the usual manner; 7.¢., the treatment 
of the ester with 1.1 equivalents of alkali in methanol (or acetone) at room 
temperature for about 20 minutes, followed by acidification of the reaction 
mixture. With several of the serine-containing carbobenzoxypeptide 
esters, it was found by means of paper chromatography that the acidified 
filtrate, after removal of the expected carbobenzoxypeptide, contained ap- 

preciable quantities of ninhydrin-reactive substances. This suggests that 





* This study was aided by grants from the Rockefeller Foundation and from the 
American Cancer Society (on recommendation of the Committee on Growth of the 
National Research Council). . 

+ James Hudson Brown Fellow of the Yale University School of Medicine. Pres- 
ent address, Department of Biochemistry, University of California, Berkeley, Cali- 
fornia. 
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a far-reaching decomposition had occurred during the treatment with al- 
kali. The yield of the desired carbobenzoxypeptide may be increased 
somewhat by the addition of the requisite amount of alkali in several por- 
tions over a period of about 30 minutes. 

Hydrolysis of Serine Peptides by Swine Kidney Peptidases—In a previ- 
ous communication (2), it was reported that aqueous extracts of desic- 
cated swine kidney (Viobin) exhibit appreciable peptidase activity toward 
peptides of t-leucine and of L-methionine, and that. this action is acceler- 
ated by the addition of Mnt* ions. In the present study, an examina- 
tion was made of the enzymatic hydrolysis of a number of serine peptides 
in both the presence and the absence of added metal ions. 

It will be seen from Table I that, when L-seryl-L-alanine (SA) was sub- 
jected to the action of an aqueous kidney extract, the addition of 0.001 m 
Mnt+ was without appreciable effect, and prior incubation of the ex- 
tract with the metal ion increased the activity only slightly. The other 
metal ions tested (Cot+, Zn*++, Mgt+) all exerted an inhibitory effect 


on the rate of hydrolysis of SA. After the enzyme solution had been dia- | 


lyzed exhaustively against demineralized water, the peptidase activity 
in the absence of added metal ion was decreased by about 65 per cent. 
This activity could be restored, however, by the addition of Mnt+, but 
not of Cot+, Znt*+, Mgt, or Fet++. These findings suggest that Mn*+ 
may play a specific réle in the enzymatic hydrolysis of SA; the slight 
inhibition of the undialyzed enzyme preparation by the other metal ions 
tested may be ascribed to the partial displacement of Mn++ by these ions. 
The fact that a metal-activated peptidase is involved in the hydrolysis 
of SA is further suggested by the complete inhibition caused by ethylene- 
diamine tetraacetic acid. 

The data in Table II show that the addition of Mn++ caused an acti- 
vation of the dialyzed swine kidney extract in its action on other L-sery] 
peptides. The results presented in Table II indicate that the kidney ex- 
tract contains an enzyme (or enzymes) that acts on L-seryl peptides, and 
that this enzyme is activated by Mn++ without the necessity for prior 
incubation with the metal ion. The hydrolysis of L-seryl-L-serine was 
activated only slightly by Mn** and, in this respect, it resembled the 
cleavage of L-alanyl-L-serine and of glycyl-t-leucine; these substrates ap- 
pear to be attacked by peptidases other than those which hydrolyze SA. 
It will be noted from Table IT that the hydrolysis of tripeptides containing 
a serine residue at the amino end of the peptide chain is also activated by 
Mn**. If the hydrolysis is permitted to proceed for a sufficient length 
of time, both peptide linkages are split; the data at hand do not permit one 
to state with certainty which of the two peptide bonds of each tripeptide is 
hydrolyzed preferentially. 
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h al- Hydrolysis of Serine Derivatives by Pancreatic Carboxypeptidase—Earlier 
-ased {studies have shown that crystalline carboxypeptidase acts at peptide link- 
por} ages adjacent to a free carboxyl group in substrates of the following gen- 
revi- TABLE I 
lesie. Effect of Metal Ions on Hydrolysis of u-Seryl-u-alanine by Swine Kidney 
wail Extract 
<a Substrate concentration, 0.05 M; pH 8.1 to 8.2 (0.04 m tris(hydroxymethyl)amino- 
” €l- | methane buffer); concentration of added metals salts, 0.001 m; temperature, 38°. 
nina- 
tides Hydrolysis* 
= Enzyme preparation Added substance 
30 min. 60 min. 90 min. 
| ‘ nt per cent per cent per cent 
; ‘ Swine kidney extractf (0.06 | None 21 35 46 
: or mg. protein N per cc. test | MnSO, 22 39 54 
yther solution) ee 25 42 57 
ffect CoCl: 15 24 33 
dia- ZnCl. 12 22 36 
< Dialyzed swine kidney ex- | None 6 15 24 
vent. | tract§ (0.054 mg. protein | MnSQ, 19 38 57 
but N per cc. test solution) 4 18 59 
{n*+ CoCle 7 15 22 
light ZnCl, 9 16 25 
5 
eas MgSO, 7 15 25 
Nei FeCl, 6 16 24 
— Ethylenediamine _ tet- 0 0 0 
lysis raacetic acid (0.01 m) 
lene- ate 
* The rate of enzymatic hydrolysis was determined by microtitration of the car- 
ees boxyl groups liberated during the experiment (3). 
acti- {2 gm. of desiccated swine kidney cortex (Viobin) were stirred with 40 cc. of 
seryl | demineralized water for 1 hour at room temperature. The suspension was filtered 
r @X- by gravity, and the filtrate was used for the enzyme experiments. 
and t The enzyme solution was incubated with the metal ion for 2 hours at 38° prior 
rior to the addition of the substrate. 
idk § The swine kidney extract was dialyzed against demineralized water for 60 hours 
~ at 4°, 
the ; , , 
ap eral formula, in which the dotted line denotes the site of enzymatic cleav- 
SA, | age. 
ning R oF 
d by | -_ 
neth | C.6H,;CH;,0 CO—NHCHCO--NHCHCOOH 


' 
one : 


de is It has been found that, if R is a hydrogen atom, the modification of the 
| terminal amino acid causes a progressive decrease in the rate of carboxy- 
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Tas_e II 
Hydrolysis of Serine Peptides by Dialyzed Swine Kidney Extract 
Substrate concentration, 0.05 m, except where otherwise indicated. The enzyme 
solution was prepared in the manner described in Table I; enzyme concentration, 


0.054 mg. of protein N per cc. of test solution. pH 7.9 to 8.1 (0.04 m tris(hydroxy- 
methyl)aminomethane buffer); temperature, 38°. 














Hydrolysis* 
Substrate No activator added +0.001 uw MnSO, +0.001 u CoCle 
60 min. | 120 min. | 60 min. | 120 min.| 60 min. | 120 min, 
ber cent | per cent | per cent | per cent | per cent | per cent 
L-Serylglycine................] 10 18 28 57 10 21 
L-Seryl-t-alanine......... lt 5 29 38 72 15 28 
L-Seryl-L-serine............. 11 22 13 30 14 32 
Glycyl-u-serine............... 30 48 25 43 33 52 
L-Alanyl-L-serine.............| 49 75 56 77 66 87 
L-Seryl-u-alanyl-L-glutamic 
PEPSI crear: fasted es tararo ie 10d 24 44 52 124 
t-Serylglycyl-.-glutamic 
TIC PEN ees perpen ae en 6 1 17 34 
L-Serylglycyl-u-serinef....... 6 20 20 34 
Glycyl-u-leucine.............. 37 62 43 70 























*The rate of enzymatic hydrolysis was determined by microtitration of the 
carboxyl groups liberated during the experiment. The data are given in terms of 
percentage of the carboxyl groups expected from the complete hydrolysis of one 
peptide linkage. 

¢ The concentration of this substrate was 0.025 m. 


TaB.e III 
Action of Carboxypeptidase* on Synthetic Substrates 
Substrate concentration, 0.05 m; enzyme concentration, 0.08 mg. of protein N 


per cc. of test solution; pH 7.7 to 7.8 (0.04 m tris(hydroxymethyl)aminomethane 
buffer); temperature, 25°. 








Substrate Kt ct 
Carbobenzoxyglycyl-t-alanine........ 0.0032 0.040 
Carbobenzoxyglycyl-.-serine.......... | 0.00015 0.002 
Carbobenzoxy-t-alanyl-L-serine....... | 0.0013 0.018 
Carbobenzoxy-t-seryl-L-alanine....... 0.0034 0.042 
Carbobenzoxy-t-seryl-L-serine........ 0.00025 0.003 











* Four times crystallized preparation. 
1 1 100 
min. "8 100 — % hydrolysis 





tK= 


$C = K per mg. of protein N per cc. of test soiution. 
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peptidase action in the approximate order, phenylalanine, tyrosine, trypto- 
:yme phan, leucine, methionine, isoleucine, alanine, glycine (2). The data in 
tion, | Table III show that the introduction of a terminal L-serine residue leads to 
oxy- | a rate of hydrolysis of the same order of magnitude as that found previ- 
ously with carbobenzoxyglycylglycine. No appreciable difference in the 
rate of hydrolysis was noted when the nature of the R group was varied 
—— by the substitution of the methylene group of glycine by the side chain of 





4 L-serine. 

min, EXPERIMENTAL 

cent L-Serine Methyl Ester Hydrochloride—25 gm. of L-serine (4) were esteri- 
iL fied in the usual manner with 200 cc. of anhydrous methanol in the pres- 


ri ence of HCl. After evaporating the solution to dryness, the residual prod- 
9 uct was recrystallized from methanol-ether. Yield, 30 gm.;m.p., 165-166°; 
7 [a]24 = +0.9° (6 per cent in water). 


C4HicO3NCI (155.6). Calculated, N 9.0; found, N 9.0 


|  Carbobenzoxyglycyl-t-serine Methyl Ester—An ethyl acetate solution of 

| carbobenzoxyglycinazide (prepared from 2.6 gm. of the hydrazide (5)) was 

| added in the cold to an ethyl acetate solution of u-serine methyl ester 
___ (prepared from 3 gm. of the hydrochloride). The reaction mixture was 
the | kept at 0° for 12 hours, and then at room temperature for an additional 24 
is of | hours. A small quantity (0.2 gm.) of the dihydrazide (5) was removed 
by filtration, the filtrate was washed successively with water, aqueous 
bicarbonate, dilute hydrochloric acid, and water, and then dried over 
Na,SO,y. Evaporation of the solvent gave a syrup which was brought to 
crystallization with ethyl acetate-petroleum ether. Yield, 2.2 gm. After 
recrystallization from ethyl acetate, the substance melted at 96°. 


N 
: C,dHis0<N2 (310.3). Calculated, N 9.0; found, N 9.2 


1ane 

Carbobenzoxyglycyl-L-serine—2.0 gm. of the methyl ester were saponified 
with 2 Nn NaOH (5.0 cc.) in 40 cc. of methanol. After 40 minutes at room 
— | temperature, the solution was adjusted to pH 4 with n hydrochloric acid 
and concentrated to a small volume in vacuo. The resulting product (1.1 
gm.) was recrystallized from ethyl acetate; m.p., 124°. 


Cy3HicO6Nz (296.3). Calculated, N 9.5; found, N 9.4 





Glycyl-L-serine—1:0 gm. of the carbobenzoxypeptide was subjected to 
_ catalytic hydrogenolysis with palladium black in the usual manner. Yield, 
| 0.6 gm. A 1.8 per cent solution of the peptide in water showed no meas- 
| urable optical activity. 


C5H190.Nz. Calculated. C 36.8, H 6.2, N 17.3 
| 162.1 Found. ‘© 37.2, ** 6.38, “ 17.1 
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Carbobenzoxy-L-alanyl-L-serine Methyl Ester—9 gm. of carbobenzoxy-t- 
alanine were converted in the usual manner to the methyl ester which, upon 
treatment with hydrazine hydrate, gave 7.2 gm. of the corresponding: hy- 
drazide (m.p., 135°). 


CuHi;03N3 (287.3). Calculated, N 17.7, found, N 17.5 (Dumas) 


Carbobenzoxy-L-alaninazide was prepared by the addition of 0.8 gm. of 
NaNO, in water to a solution of 2.4 gm. of the hydrazide in a mixture of 
water (40 cc.), glacial acetic acid (5 cc.), and concentrated hydrochloric 
acid (3 cc.). The azide was extracted with ethyl acetate; the ethyl acetate 
layer was washed with water and dilute bicarbonate, dried over Na»SO,, 
and added to an ethyl acetate solution of L-serine methyl ester (prepared 
from 3.2 gm. of the hydrochloride). The carbobenzoxydipeptide ester was 
isolated in the usual manner; after recrystallization from ethyl acetate- 
petroleum ether, it melted at 134-135°. Yield, 2.2 gm. 


CisH2oO06Ne (324.8). Calculated, N 8.6; found, N 8.7 


Carbobenzoxry-L-alanyl-L-serine—1.9 gm. of the methyl ester were saponi- 
fied with 7.5 cc. of N NaOH in 30 cc. of methanol. After 30 minutes at 
room temperature, the solution was adjusted to pH 4 and concentrated 
to a small volume in vacuo. The resulting product was recrystallized from 
hot water. Yield, 1.3 gm.; m.p., 204-205°. 


CuHisOgNe (310.3). Calculated, N 9.0; found, N 8.9 


L-Alanyl-.-serine—Catalytic hydrogenolysis of 0.9 gm. of the carboben- 
zoxypeptide gave 0.6 gm. of the dipeptide. [a]? = +11.5° (1.7 per cent 
in water). 


CeH120.N2. Calculated. C 40.9, H 6.9, N 15.9 
176.2 Found. AO tas. = LOND 


Carbobenzoxry-L-serylglycinhydrazide—8.0 gm. of carbobenzoxy-L-serylgly- 
cine ethyl ester (1) were treated with 2.5 cc. of hydrazine hydrate in 100 
cc. of methanol. After 1 hour, the crystalline product was collected by 
filtration. Yield, 7.6 gm.; m.p., 184-186°. After recrystallization from 
dilute acetic acid, the substance melted at 188°. 


CisHisOsN, (310.3). Calculated, N 18.1; found, N 17.9 (Dumas) 


Carbobenzoxy-.-seryl-L-alaninhydrazide—4.0 gm. of the corresponding 
methyl ester (1) were treated with 1.2 cc. of hydrazine hydrate in 40 ce. 
of ethanol. The crystalline product (3.9 gm.) quickly separated out of 
the solution; after recrystallization from dilute acetic acid, it melted at 
222-223°. 


} 
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y-L- CyuHOsN, (824.3). Calculated, N 17.3; found, N 17.0 (Dumas) 
: . !  Carbobenzoxy-L-serylglycyl-L-glutamic Acid Diethyl Ester—2.3 gm. of car- 


bobenzoxy-L-serylglycinhydrazide were dissolved in a mixture of water 
(35 ec.), glacial acetic acid (3.3 cc.), and concentrated hydrochloric acid 
(1.7 ec.), and converted to the azide by the addition of 0.6 gm. of NaNO. 
of | in water. The azide was extracted with ethyl acetate, and the ethyl ace- 
e of | tate solution was washed and dried in the usual manner and added to an 
oric | ethyl acetate solution of L-glutamic acid diethyl ester (prepared from 4 gm. 
tate | of the hydrochloride). The mixture was kept at 0° for 12 hours, and at 
30,, | toom temperature for an additional 24 hours; it was then washed with 
req | dilute hydrochloric acid, dilute bicarbonate, and water, dried over Na2SOu, 
was | and concentrated 7 vacuo to a syrup which was brought to crystallization 
ate. | With ethyl acetate-petroleum ether. Yield, 1.7 gm.; m.p., 107°. 


Cx2H3i109N;3 (481.5). Calculated, N 8.7; found, N 8.8 


Carbobenzoxy-t-serylglycyl-L-glutamic Acid—1.3 gm. of the diethyl ester 
oni- | were dissolved in 50 cc. of methanol, and a total of 6.4 cc. of N NaOH was 
; at | added in three portions, at 10 minute intervals. The solution then was 
ited | adjusted to pH 4 and concentrated to a small volume in vacuo. The prod- 
rom | uct (0.6 gm.) crystallized after the concentrated solution had been chilled. 
After recrystallization from ethanol, the product melted at 140-141°. 











CisH2309N, (425.4). Calculated, N 9.8; found, N 9.6 


ben- L-Serylglycyl-t-glutamic Acid—Catalytic hydrogenolysis of 0.35 gm. of 
cent | the carbobenzoxypeptide gave the desired product, which was recrystal- 
lized from aqueous ethanol. Yield, 0.14 gm.; [a]* = +20.4° (2 per cent 
in water). 


C1eH1;07;N3. Calculated. Cc 41.3, H 5.9, N 14.4 


291.2 Found. “ 41.6, 6.1, “ 14.2 
igly- 


100 Carbobenzoxy-u-serylglycyl-L-serine Methyl Ester—An ethyl acetate solu- 
| by | tion of carbobenzoxy-L-serylglycinazide (prepared from 2.3 gm. of the hy- 
rom } drazide, as described above) was added to an ethy! acetate solution of 
L-serine methyl ester (prepared from 2.6 gm. of the hydrochloride). The 
reaction mixture was worked up in the same manner as in the case of carbo- 

| benzoxy-L-serylglycyl-L-glutamic acid diethyl ester. Yield,2.5 gm. After 

ding | recrystallization from ethyl acetate, the product melted at 173°. 
) ce. 
it of 
d at L-Serylglycyl-t-serine Methyl Ester Hydrochloride—0.9 gm. of the carbo- 
benzoxypeptide ester was subjected to catalytic hydrogenolysis in the pres- 








Ci7H2,03N3 (397.4). Calculated, N 10.6; found, N 10.6 
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ence of 1 equivalent of HCl. Yield, 0.4 gm.; m.p., 174-175°; [a]! = 
—4,1° (2 per cent in water). 


CsHi306N;3Cl. Calculated. C 36.1, H 5.7, N 14.0 
299.7 Found. ** 36.3, “ 6.0, “ 14.0 


L-Serylglycyl-L-serine—0.3 gm. of the methyl ester hydrochloride was 
treated, in aqueous solution, with 650 mg. of Ba(OH).-8H.O. After 2 
hours, 3.2 ec. of 1.28 n sulfuric acid were added, the BaSO, was removed 
by centrifugation, the excess sulfate was removed with silver carbonate, 
and the excess silver was removed with H.S. Concentration of the solu- 
tion in vacuo gave a syrup which was brought to crystallization with aque- 
ous alcohol. Yield, 0.12 gm.; [a] = +25.5° (1.1 per cent in water). 


CsHi;sO6N3 (249.2). Calculated, N 16.8; found, N 16.7 


Carbobenzoxy-L-seryl-L-alanyl-L-glutamic Acid Diethyl Ester—2.6 gm. of 
carbobenzoxy-L-seryl-L-alaninhydrazide were dissolved in a mixture of wa- 
ter (70 cc.), glacial acetic acid (7 cc.), and concentrated hydrochloric acid 
(4 cc.), and converted to the azide by the addition of 0.6 gm. of NaNO, in 
water. The azide was extracted with ethyl acetate, and the ethyl acetate 
solution was washed and dried in the usual manner, and added to an ethyl 
acetate solution of t-glutamic acid diethyl ester (prepared from 4 gm. of 
the hydrochloride). The reaction mixture was worked up in the manner 
described for carbobenzoxy-L-serylglycyl-t-glutamic acid diethyl ester. 
Yield, 2.5 gm.; m.p., 135°. 


C23sH3309N3 (495.5). Calculated, N 8.5; found, N 8.4 


Carbobenzoxy-L-seryl-L-alanyl-L-glutamic Acid—1.8 gm. of the diethyl] es- 
ter, in 80 cc. of methanol, were saponified with a total of 8 cc. of n NaOH, 
added in three equal portions at 15 minute intervals. The solution then 
was adjusted to pH 3.5 and concentrated in vacuo. The product which 
separated was recrystallized from hot water. Yield, 0.9 gm.; m.p., 192- 
193°. 


Ci9H2,05N3 (489.4). Calculated, N 9.6; found, N 9.3 





L-Seryl-L-alanyl-L-glutamic Acid—Catalytic hydrogenolysis of 0.75 gm. 
of the carbobenzoxypeptide gave 0.45 gm. of the tripeptide, which was re- 
crystallized from aqueous ethanol. [a]*4 = —32.9° (2 per cent in water). 


CyH1,07Ns. Calculated. C 43.3, H 6.2, N 13.8 
305.3 Found. “ 43.0, 6.3, “ 13.5 








L-Serylglycine, L-seryl-L-alanine, and L-seryl-L-serine were prepared as 


described previously (1), except for the fact that the coupling reactions 
were conducted at 4°. In a repetition of the synthesis of carbobenzoxy- 
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L-seryl-L-serine, it was found that recrystallization from acetone gave a 
product which melted at 186-187°; the melting point reported earlier (1) 
was 169-171°. 


The authors are indebted to Miss Mary J. Mycek for valuable techni- 
cal assistance. 


SUMMARY 


The following new peptides of L-serine have been synthesized: glycyl-.- 
serine, L-alanyl-L-serine, L-serylglycyl-t-glutamic acid, L-seryl-L-alanyl-.- 
glutamic acid, and L-serylglycyl-L-serine. In addition, a number of pep- 
tide derivatives containing L-serine residues have been prepared. 

The action of aqueous extracts of desiccated swine kidney cortex on sev- 
eral serine peptides has been examined, and the enzymatic hydrolysis of 
L-seryl peptides was found to be markedly activated by manganous ions. 

An examination of the hydrolysis, by crystalline carboxypeptidase, of 
acylated dipeptides containing L-serine residues has shown that the intro- 
duction of such a residue in place of glycine does not alter the rate of en- 
zyme action appreciably. 
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ON THE PROTEOLYTIC ENZYMES OF ANIMAL TISSUES 
IX. CALF THYMUS TRIPEPTIDASE* 


By DRUMMOND ELLISf ann JOSEPH S. FRUTON 


(From the Department of Physiological Chemistry, Yale University, 
New Haven, Connecticut) 


(Received for publication, February 19, 1951) 


An earlier paper of this series (1) dealt with a peptidase found in saline 
extracts of calf thymus, which showed a distinctive preference for the 
hydrolysis of tripeptides such as glycylglycylglycine (GGG), t-alanyl- 
glycylglycine, or L-leucylglycylglycine (LGG). Examination of the spec- 
ificity of a partially purified enzyme preparation (obtained by fractiona- 
tion of thymus extracts with ammonium sulfate) indicated that the groups 
designated in the following formula by means of bold-faced letters were 
required in substrates of the enzyme. The vertical broken line denotes 
the sensitive peptide bond. 


R 


R’ R” 
| | 
| ' | | 
NH,-CH-CO--'--NH: CH: CO--—--NH- CH: COOH 
| 
! 


The enzyme preparation obtained previously had a proteolytic coeffi- 
cient C&gq of about 40.1 In the preparation of the material used in the 
present study, ammonium sulfate fractionation was preceded by the ap- 
plication of the ethanol-zinc fractionation technique of Cohn et al. (2); 
the resulting product had a proteolytic coefficient Caco of about 200. 
As the starting material, comminuted frozen calf thymus? was employed; 
this finely ground tissue gave extracts of higher enzyme activity than 
those obtained from minced fresh thymus. 

A study of the specificity of the more highly purified enzyme prepa- 
ration has confirmed the earlier conclusions (1) and justifies the assignment 


*This study was aided by grants from the Rockefeller Foundation and from 
the American Cancer Society (on recommendation of the Committee on Growth of 
the National Research Council). 

+ James Hudson Brown Fellow of the Yale University School of Medicine. Pres- 


ent address, Blood Transfusion Service, Royal Infirmary, Edinburgh 9, Scotland. 


1 The proteolytic coefficient of tripeptidase activity has been defined as the zero 


| order velocity constant K® (per cent hydrolysis per minute) at an enzyme concen- 


tration of 1 mg. of protein N per cc. of test solution (1). 

*The authors are greatly indebted to Dr. J. D. Porsche and Dr. J. B. Lesh of 
Armour and Company for their generosity in making available the comminuted 
calf thymus. 
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of the term “‘tripeptidase” to the enzyme. This name may be preferred 
to “lymphopeptidase,” applied previously to the calf thymus enzyme | 
(1), since tripeptidase activity has been found in extracts of several ani- 
mal tissues and in animal fluids (3-6). Although the possibility exists 
that the tripeptidase activity of such extracts or fluids may be derived 
in part from lymphoid cells, which are especially rich in this enzyme, 
it appears likely that other cell types (e.g., erythrocytes (7)) also contain 
the enzyme. Since tripeptidase activity has also been found in several 
microorganisms (8), it would seem that this enzyme is widely distributed 
in varied biological forms. 

Partial Purification of Calf Thymus Tripeptidase—850 gm. of commi- | 
nuted calf thymus were stirred with 1700 cc. of a 2 per cent sodium chloride 
solution at 1° for 21 hours. The insoluble material was centrifuged, and 
the supernatant fluid was filtered (volume of filtrate, 1810 cc.) with the 
aid of Hyflo Super-Cel. Filtrate A contained 4.3 tripeptidase units* 
per cc.; 7 = 2:0. 

To 1800 cc. of Filtrate A, the following ethanol-buffer mixture was 
added: 5.4 cc. of 1.0 m sodium acetate buffer (pH 4.0) to bring the pH 
of the crude extract to 5.0, 569 cc. of 95 per cent ethanol, 21.6 cc. of 1.0 m 
sodium acetate buffer (pH 5.0), 304 cc. of water. The mixture was pre- 
cooled in an ethanol-dry ice bath, and then poured slowly in a fine stream 
into the extract, with rapid stirring and cooling to —6°. After an addi- 
tional hour at —6°, the suspension was centrifuged in a refrigerated 
centrifuge (—6°), and 2120 cc. of a clear supernatant fluid (Solution B) 
were obtained. The final conditions were pH 5.0, 0.23 m NaCl, 0.01 m 
sodium acetate, 20 per cent ethanol, 1.3 per cent protein (calculated on 
the basis of the protein N X 6.25). Solution B contained 3.3 tripeptidase 
units per cc. (corrected yield, 92 per cent); Cécg = 17.5. Prior to assay 
for enzymatic activity, a sample of Solution B was dialyzed against 1 
per cent sodium chloride to remove ethanol and acetate. This was done 
also in the determination of the activity of the subsequent fractions. 

To 2100 cc. of Solution B, the following ethanol-buffer mixture was 
added in the manner described above: 180 cc. of 95 per cent ethanol, 
63 cc. of 4 m sodium acetate, 210 cc. of 0.25 m zine acetate buffer (pH 
5.8), 72.6 cc. of water. The final conditions were pH 5.8, 0.18 m NaCl, 


Se 











0.1 m sodium acetate, 0.02 m zinc acetate, 22.5 per cent ethanol, 0.1 per 
cent protein. The suspension was centrifuged as before, and the pre- 
cipitate was stirred with 75 cc. of ice-cold 0.1 m sodium citrate. The 


21 tripeptidase unit is defined as that amount of enzyme which, in 1 cc. of test 
solution, will hydrolyze GGG (0.05 m) at an initial rate (K°) of 1 per cent per min- 
ute at 38° and pH 8.0 (0.014 m veronal buffer). The enzymatic activity was deter- 
mined in the manner described previously (1). 
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rred | mixture was dialyzed against distilled water for 72 hours at 1°, and the 
‘yme ! insoluble material was removed by centrifugation, leaving 260 cc. of a 
anl- | clear solution (C) which contained 18.8 tripeptidase units per cc. (cor- 
xIsts | rected yield, 64 per cent); Coca = 22.5. 

‘ived To 255 cc. of Solution C, the following mixture was added at 0°: 23 ce. 
yme, — of 0.25 M zine acetate buffer (pH 5.8) and 5.8 cc. of 1.0 m sodium acetate 
tain | buffer (pH 5.8). After equilibration for 20 minutes at 0°, the following 
veral | mixture was added at —5° in the usual manner: 68.5 cc. of 95 per cent 


uted | ethanol, 7.7 cc. of 0.25 m zine acetate buffer, 2.0 cc. of 1.0 m sodium ace- 
_ | tate buffer, 20.7 cc. of water. The final conditions were pH 5.8, 0.02 m 
nini- | sodium acetate, 0.02 m zinc acetate, 17 per cent ethanol, 0.36 per cent 
oride | protein. After 75 minutes at —5°, the precipitate was centrifuged, leav- 
and ing a clear supernatant solution (357 cc.). To 350 cc. of this solution, 
P the the following mixture was added at —6°: 31.9 cc. of 95 per cent ethanol, 
nits’ | 3.2 ee. of 0.25 m zine acetate buffer, 0.8 cc. of m sodium acetate buffer, 
4.6 cc. of water. The final conditions were pH 5.8, 0.02 m sodium ace- 
was | tate, 0.02 m zinc acetate, 23 per cent ethanol, 0.15 per cent protein. After 
> PH | 1 hour at —6°, the suspension was centrifuged and the precipitate was 
|.0M) dissolved in a small quantity of 0.1 m sodium citrate. The solution 
pre- | was dialyzed against 1 per cent sodium chloride for 36 hours, and then 
real | against distilled water for 24 hours. The resulting Solution D (183 
addi- ce.) contained 82 tripeptidase units per cc. (corrected yield, 20 per cent); 
rated C4ce = 117. Since it had been found previously that the enzyme prepa- 
DB) | vation gradually lost activity on storage in a salt-free solution, Solution 
Ol mM | D was used at once for the next stage of the fractionation. 
don | To 15 ec. of Solution D, 3.71 gm. of ammonium sulfate were added at 
idase | 9° After 3 hours, the resulting precipitate was centrifuged, and, to 
ASSAY | the supernatant solution (16.6 cc.), 2.08 gm. of ammonium sulfate were 
nst | | added. The precipitate was collected by centrifugation, dissolved in 
done water, and dialyzed against 1 per cent sodium chloride for 96 hours. The 
resulting Solution E (16.3 cc.) contained 63 tripeptidase units per ce. 
WaS | (corrected yield, 18.5 per cent); Cécc = 219. This enzyme preparation 
anol, was used for the studies reported in the subsequent sections of the present 
(pH / communication. 
NaCl, In the course of the purification it was noted that, with the initial crude 
1 per | extract (A), the addition of ethanol to the test solutions caused an appar- 








pre- 


“ ent activation, up to a maximum of 50 per cent increase in rate at a con- 
ne 


centration of 10 per cent ethanol. The fact that this effect was not noted 
test | after partial purification of the enzyme suggests that it is due to the 
*min- , denaturation of an inhibitor by the ethanol. This view is supported by 
deter- | the finding that, in some experiments involving ethanol precipitation, 
more than 100 per cent of the original enzyme activity was recovered. 
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Effect of Added Substances on Tripeptidase Activity—A study of the | 
effect of cysteine on the new preparation of tripeptidase has shown a 

greater sensitivity of the enzyme to this compound than that found pre- | 
viously. With enzyme material of Cécg = 40, no inhibition was noted 
in the presence of 0.01 m cysteine (1). This concentration of cysteine, 
however, inhibits the action of the more highly purified preparation on 
GGG by 75 per cent and causes a 50 per cent decrease in activity toward 
LGG. At a lower concentration of cysteine (0.001 m), no inhibition of 
GGG hydrolysis was observed (Table I). This result suggests that the 
role of cysteine in the inhibition of tripeptidase does not involve the 
binding of a metal ion essential for enzyme action, as has been proposed 
in the case of other peptidases (9). The fact that 0.005 m ethylenediamine- | 
tetraacetic acid causes only a slight decrease in tripeptidase activity also 
indicates that this enzyme does not participate in a reversible equilibrium 
with a metal ion necessary for enzymatic action. Similarly, cyanide, 
sulfide, and citrate (all at 0.005 m) were without appreciable effect. Since 
0.001 m iodoacetate only caused a slight activation, it would appear that 
the presence, in the enzyme, of sulfhydryl groups which can react with 
this substance is not essential for tripeptidase activity. The addition of a 


variety of metal ions (0.001 m) to the highly purified tripeptidase prepara- | 
tion confirmed the observation made earlier (1) that cadmium ion is a 


powerful inhibitor of the enzyme. The other ions tested either were 
without effect on the rate of GGG hydrolysis or caused some inhibition 
(Table I). In no case was there evidence of metal activation. 

Specificity of Purified Tripeptidase—The data in Table II show that 
the new tripeptidase preparation is without measurable effect on sub- 
strates of leucine aminopeptidase (t-leucinamide) and of prolidase (gly- 
cyl-L-proline). The latter two enzymes are present in the crude thymus 
extract (1). Similarly, no hydrolysis was noted with substrates of cathep- 
sin B (benzoyl-L-argininamide), of cathepsin C (glycyl-t-pheny] alanina- 
mide), or of carboxypeptidase (carbobenzoxyglycyl-t-phenyl alanine). 

Of especial interest is the resistance of glycylglycinamide and of the 
tetrapeptides glycylglycyl-L-leucylglycine and glycyl-.-leucylglycyl-.-leu- 
cine to enzyme action, and the relatively slight hydrolysis of glycylgly- 
cylglycylglycine. Glycylglycine also is resistant to tripeptidase action. 





These results, together with the data presented previously (1), support 
the view that the hydrolytic action of the enzyme is narrowly restricted 
to tripeptides. 

Through the courtesy of Dr. Emil L. Smith, it was possible to test the 
activity of purified tripeptidase toward tripeptides containing a 6-alanine 
residue. It will be seen from Table II that 8-alanylglycylglycine is 


4The authors are greatly indebted to Dr. Emil L. Smith for his generous gift of 
samples of these 6-alanine peptides. 
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thes completely resistant to the action of the enzyme, glycyl-6-alanylglycine 
me is attacked only very slightly, and that, while glycylglycyl-6-alanine is 
pre. | hydrolyzed more rapidly than the other two peptides, the rate of cleavage 
hail is extremely slow. _ These findings strengthen the conclusion that the 
ine, calf thymus tripeptidase is specifically adapted to act on peptide chains 


of a particular chain length, characteristic of tripeptides composed of 


1 on : ; ; : : 

veal a-amino acid residues. It may be supposed that a tripeptide, in order 
n of | TaBLeE I 

the | Effect of Added Substances on Tripeptidase Activity 

the | Concentration of substrate (glycylglycylglycine), 0.05 m; concentration of tri- 


osed peptidase i = 205), 0.0018 mg. of protein N per cc. of test solution; pH 7.9 to 
8.0 (0.014 m veronal buffer); temperature, 38°. 





























line- | 
also Added substance Per —s original 
‘ium een 
nide, ING ects eee DSR ca cel 2 Ye ect eee i Re 100 
since Cy SUCIOT COR EME) ii oc. opciones Poa ee oe ee ero 25 
that ne eo ery or Os. 100 
with Ethylenediaminetetraacetic acid (0.005 m)..................... 86 
DOCU CYAEIIG (OOO ME), «eis woe «conse dre e ealaeehe wete artes 89 
ofa ae nen ere etn 100 
ara- | a GIG RRUGE Or OCR on acs iarickain nip cele a eee ee ee 100 
is a TOAGHCOUICIRCIARCO OO) 6 i. irs sce on os Pads ions eae eee 114 
were Cadmunim sulfate: (O0E M6). =... 2 mend. cos cow tees lee eae 5 
stion Mercurie acetate (OGOb ) 5... cise aco vical ocicce am tnn bers eataaes 22 
Magnesium sulfate (0.001 i)... 05 6. i esc navl ew catn ewer 70 
Mnganouse =< COO ys. oc ccecicke Gun arecee Ope wees 76 
that | Caleium chloride (0.001 M)......0. 0.0.0. cccccceeccececeeeeeese 100 
sub- VAN CECE UCSC) ) eh hh a ire Ae crete yee ake 57 
(gly- Cobaltous BULeate (O00 L Be a.6 2 occ oc cccsssinys sae See ee a ee 95 
ymus Cuprie sulia te: (QOON IG). M5653 6.55 ci 3 Gece ck eicperie a oun stnaras 100 
Nickel ammonium sulfate (0.001 M)........................044. 76 
thep- 
nina- * The extent of enzymatic hydrolysis was determined by microtitration of the 
) carboxyl groups liberated during the experiment, as described previously (1). 
f the | to be hydrolyzed by the enzyme, must assume a particular spatial rela- 
-let- | tionship to the tripeptidase, so that the three essential substrate groups 
yigly- (the terminal a-amino and a-carboxyl groups, and the sensitive peptide 
-tion. | bond) are in a definite steric arrangement. On this basis, it is less difficult 
pport to understand why the introduction of a methylene group between the 
ricted a-amino group and the sensitive peptide bond of GGG completely blocks 
| tripeptidase action. The insertion of the methylene group at other posi- 
st the | tions in the peptide chain may be supposed to make the proper adjust- 
anine 


ment of enzyme and substrate much more difficult but, in view of the 
greater distance between the a-carboxyl and the sensitive peptide bond, 
gift of | not to prevent it altogether. Similar stereochemical considerations apply 
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to the observation that glycyl-t-leucyl-p-leucine is hydrolyzed slowly by 
the enzyme. It was noted previously (1) that glycylglycyl-p-leucine is 
hydrolyzed much less rapidly than is glycylglycyl-t-leucine. 

In a study of the action of extracts of rat muscle on tripeptides, Hanson 
and Smith (6) found that 6-alanylglycylglycine was hydrolyzed, but that 
this cleavage was caused by an enzyme different from the one which 


Tasie II 
Specificity of Purified Tripeptidase 
Substrate concentration, 0.05 m; enzyme concentration, 0.0024 mg. of protein N 


per cc. of test solution; 0.014 m veronal buffer, except at pH 5.9 to 6.0, where 0.02 u 
citrate buffer was employed; temperature, 38°. 








Substrate pH ce 

MCP OM DIN DINOS aA e Sip sce iso nnn eek consvdon ees 8.1 0 
GIVOvIBIVGINAINIIG, 5... cocci cee cee cee ness 8.1 0 
Glycylglycylglycine.......................2.0..4.. 8.0 208 
Glycylglycylglycylglycine......................... 7.8 5 
Glycylglycyl-t-leucylglycine...................... 7.9 0 
Glycyl-t-leucylglycyl-t-leucine.................... 7.8 0 
L-Alanylglycylglycine.........................400. 8.0 225 
L-Leucylglycylglycine..........................0.. 7.9 183 
B-Alanylglycylglycine...........................5. 7.9 0 
Glycyl-8-alanylglycine............................ 7.9 5 
Glycylglycyl-6-alanine..........................4. 7.8 18 
Glycyl-u-leucyl-p-leucine.......................... 7.9 10 
Ces DOTS T STL Ss Ns ene an (het 0 
MGR IPIMION o.oo v och eee cee ass ecews 8.2 0 
Benzoyl-L-argininamidef........... a 5.9 0 
Ae, woe eee. 8.0 0 
Glycyl-u-phenylalaninamidef...................... 6.0 0 
- SAC ere: 7.8 0 
Carbobenzoxyglycyl-u-phenylalanine.............. 7.9 0 











* Determined in the manner described previously (1). 
{ 0.001 m MnSO, present. 
¢ 0.01 m cysteine present. 


hydrolyzes GGG. The findings presented in Table II are in accord with 
this conclusion. These authors also found appreciable hydrolysis of gly- 
cyl-8-alanylglycine and of glycylglycyl-8-alanine by muscle extracts and 
left open the question whether these peptides were hydrolyzed by tri- 
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peptidase. If the tripeptidase found in rat muscle extracts is similar in | 


specificity to that described in the present communication, it would 


appear likely that the extensive hydrolysis of the latter two tripeptides | 


may have been caused, in large part, by other peptidases present in the 
muscle extracts. 
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by | SUMMARY 


| Calf thymus tripeptidase has been purified appreciably by fractiona- 
| tion with ethanol and zinc ions at low temperatures, followed by ammo- 
nium sulfate precipitation. The enzyme is an aminopeptidase which is 
‘ch restricted in its action to the hydrolysis of tripeptides composed of a-amino 
: acid residues. Although calf thymus tripeptidase is inhibited by cysteine, 

| the enzyme does not appear to be a metal peptidase. 
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ENZYMATIC SYNTHESIS OF CITRIC ACID 
I. SYNTHESIS WITH SOLUBLE ENZYMES* 


By JOSEPH R. STERN{ anp SEVERO OCHOA 


(From the Department of Pharmacology, New York University 
College of Medicine, New York, New York) 


(Received for publication, March 6, 1951) 


The synthesis of citrate from acetate, ATP,! and oxalacetate by soluble 
enzyme preparations from pigeon liver was briefly reported in 1949 (1). 
CoA was found to be required for activity. Similar results were later 
reported by Novelli and Lipmann (2) with preparations from yeast and 
Escherichia coli, and by Elliott and Kalnitsky (3) with kidney acetone 
powder extracts. It was further shown (1) that citrate rather than cis- 
aconitate or isocitrate was the product of the “acetate”-oxalacetate con- 
densation. Acetoacetate (1): and other B-keto acids (4) could also serve 
as acetyl donors for citrate synthesis in pigeon liver preparations. It 
was further reported (4) that the above synthesis of citrate proceeds 
through at least two steps: (a) acetate + ATP — “active acetate,” and 
(b) “active acetate” + oxalacetate — citrate. While the condensing 
enzyme catalyzing step (b) was found to be readily soluble and could 
be extracted from a variety of animal tissues, yeast, and bacteria, the 
enzyme or enzymes catalyzing step (a) was present in or could be ex- 
tracted from only a few sources. These included pigeon liver, lyophilized 
yeast, HE. coli, and Azotobacter agile. These preparations also contained 
condensing enzyme, but some preparations were obtained from E. coli 
which, while very active in catalyzing step (a), contained little or no 
condensing enzyme. Citrate was readily synthesized from acetate, ATP, 
and oxalacetate when these EF. coli preparations were combined with 
preparations from a number of tissues (4). 

An account of the above work is given in the present paper. This 
work led to the isolation and crystallization of the condensing enzyme 
from pig heart, and this, in turn, facilitated an understanding of the 


* Aided by grants from the United States Public Health Service, the American 
Cancer Society (recommended by the Committee on Growth of the National Re- 
search Council), the Office of Naval Research, the Rockefeller Foundation, and the 
Lederle Laboratories Division, American Cyanamid Company. 

+ Fellow in the Medical Sciences of the National Research Council, 1948-49. 

1 The following abbreviations are used: ATP adenosinetriphosphate, ADP adeno- 
sinediphosphate, CoA coenzyme A, DPN diphosphopyridine nucleotide, OAA oxal- 
acetic acid (oxalacetate). 
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nature and the mechanism of the reaction catalyzed by this enzyme (5). 
Information has also been gained on the mechanism of citrate synthesis 
when pyruvate is the acetyl donor (6). The newer work, which has been 
briefly discussed in a recent review (7), will be reported in detail in suc- 
ceeding papers of this series. 

Citrate Synthesis in Pigeon Liver Extracts—Ammonium sulfate fractions 
from extracts of acetone-dried pigeon liver, prepared and aged as de- 


TaBLe I 
Citrate Synthesis by Pigeon Liver Enzymes 


The complete system contained, per cc., 25 um of potassium phosphate buffer, 
pH 7.0, 4 um of MgCle, 3 to 5 um of ATP, 2.5 to 5 units of CoA, 10 um of L-cysteine, 
20 um of oxalacetate, 20 um of acetate or other fatty acids, and aged, fractionated 
pigeon liver enzyme (10 to 17 mg. of protein). Temperature, 25°. Incubation, 60 
minutes for citrate synthesis, 90 minutes for sulfanilamide acetylation. In the 
latter case the samples contained sulfanilamide (0.46 uM) instead of oxalacetate as 
the acetyl acceptor. Values expressed in micromoles per cc. of reaction mixture. 





























Citrate synthesis 
mat Fatty acid substrate nes No “ spo =o oy 
amplete wo oAa| tatty | JN No Cos] NO, 

1 Acetate 0.86 0 0.06 | 0.09 | 0.06 | 0.57 

2 oe 1.26 
Acetoacetate 0.39 0 | 0.07 | 0.07 

3 Acetate 0.93* | 0.35 

4 3 1.00 0.15 
Acetoacetate 0.76 | | 0.16 
p-Ketovalerate | 0.30 | 0.09 
B-Ketocaproate | 0.30 | 0.10 
8-Ketooctanoate | 0.32 | 0.09 
Benzoyl acetate | 0 | 0.01 
Phenyl acetate | 0 | | 0 








* With either 4 um of MgCl, or 1.6 um of MnCl. 


scribed by Lipmann and his collaborators (8, 9), form citrate on incuba- 
tion with acetate, ATP, and oxalacetate in the presence of CoA (Table 
I). The presence of Mg** or Mn** is essential for maximum yields 
of citrate (Table I, Experiments 1 and 3). Aging and dialysis of the 
liver preparations result in extensive destruction of the aconitase orig- 
inally present. Under these conditions, equilibrium between citric, cis- 
aconitic, and d-isocitric acid fails to be established even after prolonged 
incubation. The fact that citric acid is formed by the condensation re- 
action, and that little or no d-isocitric acid can be detected by means of a 
sensitive spectrophotometric method (10), clearly demonstrates that 
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5). citrate, and not cis-aconitate or isocitrate, is the product of condensation. 
Sis | Experimental evidence for this conclusion in the case of pigeon liver 


een | preparations has already been presented (1). Final proof has been ob- 

uc- tained with the crystalline condensing enzyme, which is free of aconitase, 
and will be reported at a later date. 

ons Table I (Experiments 2 and 4) shows that incubation of the pigeon liver 


de- enzyme preparations with acetoacetate or some other aliphatic mono- 
| carboxylic B-keto acids, ATP, and oxalacetate, in the presence of CoA, 

| also results in citrate synthesis, although the keto acids are less effective 
than acetate. The synthesis of citrate from oxalacetate and 6-keto acids, 


se discovered by Breusch and by Wieland and Rosenthal, is discussed in a 
ated recent review by Martius and Lynen (11). Our work shows that the 
, 60 enzymes involved are present in soluble form in preparations from pigeon 


the liver and that ATP is a necessary reactant. ATP probably participates 
dea in a reaction leading to the cleavage of the 6-keto acid with liberation 
— of “active acetate.” Utilization of acetate for citrate synthesis in yeast 
was demonstrated by Wieland and his collaborators (11) and confirmed 
nide by Weinhouse and Millington (12). Isotope experiments indicated the 
“i occurrence of the reaction in animal tissues as well (11). Later, Kalnitsky 
— (13) succeeded in demonstrating directly the synthesis of citrate from ace- 
tate and oxalacetate in kidney homogenates. 

A comparison of the effectiveness of acetate and the various 6-keto 
acids in supplying acetyl groups both for citrate synthesis and for acetyla- 
tion of sulfanilamide is shown in Experiment 4, Table I. It will be seen 
that, whereas acetate and the aliphatic 6-keto acids are all effective in 
both cases, benzoyl acetate and phenyl acetate are inactive in either case. 
This suggests that the same C, intermediate is involved in both citrate 
synthesis and acetylation of aromatic amines. The same suggestion may 
be found in the fact that the presence of oxalacetate depresses sulfanilamide 
acetylation (Table II). A similar interference between acetoacetate 
synthesis and sulfanilamide acetylation has been reported (9). Table 
II also shows that acetoacetate synthesis is depressed in the presence of 
uba- oxalacetate. Addition of cysteine was essential for citrate synthesis in 
‘able all experiments with pigeon liver preparations. The same dependence 
ields | had been previously observed for acetylation of aromatic amines (8). 


Se SES a 





' the The dependence of citrate synthesis on the concentration of CoA in 
orig- | the pigeon liver system is shown in Fig. 1. Most of the experiments were 
, cis- | carried out with crude CoA samples prepared in the laboratories of Parke, 


nged | Davis and Company and kindly supplied to us by Dr. D. Nachmansohn. 
nre- | These preparations were partially purified by precipitation with barium 
;of a | salts and acetone before use. Their CoA potency as assayed by the 
that | sulfanilamide acetylation test of Kaplan and Lipmann (8) was below 5 
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units per mg. However, a purer sample, kindly supplied by Dr. F. Lip- 
mann (containing 40 CoA units per mg. as assayed by us), gave essentially 


TABLE II 


Effect of Oxalacetate on Acetoacetate Synthesis and Sulfanilamide Acetylation by 
Pigeon Liver Enzymes 

Dialyzed potassium bicarbonate extract of pigeon liver acetone powder. Samples 
contained, per cc., 25 um of potassium phosphate buffer, pH 7.4, 4 um of MgClo, 4.6 
um of ATP, 10 units of CoA, 10 um of L-cysteine, 20.7 mg. of liver protein in 0.02 u 
KHCO:;, and 20 um of acetate. Other additions as indicated: oxalacetate, 20 um; 
sulfanilamide, 2.32 um. Incubation, 90 minutes at 25°. Values expressed in micro- 
moles per cc. of reaction mixture. Pyruvate (5 um) substituted for OAA did not 
inhibit sulfanilamide acetylation. 























iti i A Sulfanilamid 
Additions sae | Geen | sogmees 
Lon ul Sie at Re SEERA TBR lon ao aN ar 0 0.82 0 
RF SO NGS CURIS Ra eee re are ee 1,24 0.27 0 
rf BU TANTOINIG 65 6c 6 ob ss oo oc a ke ce eee 0 0.48 0.92 
ol OAA, sulfanilamide. .............. 1.07 0.25 0.48 
1.6 
- © 
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Fic. 1. Coenzyme A dependence of citrate synthesis in pigeon liver. Samples 
contained, per cc., 25 um of phosphate buffer, pH 7.0, 4 um of MgClo, 5 um of ATP, 
10 um of L-cysteine, 20 um of oxalacetate, 20 um of acetate, fractionated liver enzyme 
(10 to 14 mg. of protein), and various amounts of CoA. Incubation, 60 minutes 
at 25°. Values expressed as micromoles of citrate formed per cc. of reaction mix- 
ture. O, CoA sample supplied by Dr. Lipmann (40 units per mg.). Other experi- 
ments with Parke, Davis CoA after partial purification (about 5 units per mg.). 
Each set of points represents the results of separate experiments. 


the same results. Saturation of the system under our conditions re- 


quired about 5 units of CoA per cc. 
The dependence of citrate synthesis on the concentration of substrates 
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and of the enzyme preparation is illustrated in Fig. 2. When the ATP 
concentration was varied, maximum citrate synthesis was reached with 
about 0.003 m ATP; higher concentrations were inhibitory. Oxalacetate 
appears to have a low enzyme affinity in this system. Decarboxylation 
of the keto acid, both spontaneous and enzymatic, may be partly re- 
sponsible for this result. Indeed, experiments with crystalline condensing 
enzyme have shown that its affinity for oxalacetate is very high. 




















1.0 — 
0.8+ LSE 
tes Lor 
2 0.4- 
Bok -3, 05 3 
S 02 OAA (Mx 10°°) @ ATP (Mx 10°) 
~~ | 1 i L l it | i 
it |) 5 + 2. 
= 0.8 Lee 
= 067, 0.8 
- 0.4 
0.2 ACETATE (Mx 10°) WG. PROTEIN /CC. 
0 | | ! 1 i] i 1 | 
026 6 8 4 68 l2 16 20 


Fig. 2. Oxalacetate, acetate, ATP, and enzyme dependence of citrate synthesis in 
pigeon liver. Basic reaction mixture as in Fig. 1, with 4 to 5 units of CoA. Incuba- 
tion, 60 minutes at 25°. Values expressed as micromoles of citrate formed per ce. 
of reaction mixture. The black dot in the ATP dependence chart corresponds to an 
experiment with ADP instead of ATP. The ATP dependence experiments were 
carried out with a batch of acetone powder which was more active than the one used 
for all other experiments in this figure. 


Condensing Enzyme—Enzyme solutions from a number of tissues are 
unable to form citrate from acetate, ATP, and oxalacetate, unless sup- 
plemented with extracts of E. coli which, by themselves, may or may 
not synthesize citrate. The tissue preparations evidently lack an acetate- 
activating enzyme system which is contributed by the £. coli extracts, 
for the latter readily form acetyl phosphate from acetate and ATP, but 
no reaction between these two compounds occurs with the former. It 
thus appears that the tissue preparations contain condensing enzyme. 
The condensing enzyme is present in and can be readily extracted from 
most tissues. Representative data are given in Table III. Experi- 
ment 4 shows the heat lability of the factors contributed by each EF. coli 
extract and by the tissue preparations, i.e. of the acetate-activating 
system and the condensing enzyme respectively. Experiment 5 illus- 
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TABLE III 


Citrate Synthesis by Coupling of E. coli Extracts with Enzyme Preparations from 
Various Sources 
































trates 
The samples contained, per cc., 25 uM of potassium phosphate buffer, pH 7.0, 4 ration 
um of MgCl:, 5 um of ATP, 4 to 5 units of CoA, 10 um of L-cysteine, 20 um each of er 
oxalacetate and acetate, and enzymes as indicated. Incubation, 60 minutes at 25°, | se 
Values given per cc. of reaction mixture. “aa 
E e additions | 
is : pe Pr 20 Extra citrate Table 
E. colt Tissue preparations* | there 
mg. protein micromoles micromoles  \ hy dre 
lt 3.2 | 2,98 | trate 
Ox kidney (12.7) / 0.09 senta 
3.2 SE G27) | 4.87 2.00 that 
Pig heart (9.4) 0.07 
3.2 (O48) 4.06 1:71 
Pigeon liver (13.0) 1.04 Citrat 
3.2 e “© (13.0) 5.94 | 2.62 Sar 
Bakers’ yeast (10.4) 0.12 M Cl 
3.2 “ “ (10.4) 4.87 2.47 = 
ot 1.8 1.08 — 
3.6 2.19 = 
Ox brain (4.4) 0.0 
1.8 = of 2.53 1.45 an 
3.6 eS A) 5.00 2.81 
3t 2.8 0.0 ao 
Ox kidney (12.1) 0.11 , 
2.8 eG Es (12.1) 0.97 0.86 
“brain (3.9) 0.0 
2.8 89) 1.27 1.27 i 
4t 2.6 0.65 ‘ 
2:6 Boiled ox kidney (9.6) 0.64 
2.6 Ox kidney (9.6) 3.78 3.14 a 
2.6 Boiled pig heart (6.1) 0.70 
2.6 Pig heart (6.1) 4.83 4.13 been 
2.6 Boiled ox brain (4.0) 0.68 phat 
2.6 Ox brain (4.0) 4.83 4.15 
2.6t . « 2m | 0.08 nes 
2.6 Boiled bakers’ yeast (7.6) | 0.67 hydr 
2.6 Bakers’ yeast (7.6) | 4.73 4.06 of O 
5§ 2.6 0.65 ~ * 
2.6 Pig heart (7.3) | 4.69 4.05 tat 
2.6 Pigeon breast muscle (9.1) li 5.76 5.15 “ 
2.6 | Rabbit muscle (10.0) | | 2.77 2.10 of : 
: =, | Sas 
* The figures in parentheses indicate mg. of protein added. A 
t E. coli E-26. acet 
t E. coli 4157. re 
§ Boiled E. coli. | 
| Preparations from aqueous extracts of fresh tissue. No citrate was synthe- This 
sized by these preparations in the absence of E. coli enzyme. 
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trates the solubility of the condensing enzyme, since it is present in prepa- 
rations derived from aqueous extracts of fresh tissue. In all the other 
experiments of Table III the tissue preparations were obtained from 


| extracts of acetone powders or, in the case of yeast, from Lebedev juice. 


When a mixture of EF. coli and tissue enzymes, as in the experiments of 
Table III, is incubated with acetate and ATP in the absence of oxalacetate, 
there is no citrate synthesis, but acetyl phosphate (determined as 
hydroxamic acid (14)) accumulates. In the presence of oxalacetate, ci- 
trate is synthesized and much less acetyl phosphate is found. Repre- 
sentative experiments are illustrated in Table IV. These results show 
that citryl phosphate is not an intermediate in citrate synthesis, as had 


TABLE IV 
Citrate and Acetyl Phosphate Synthesis in Coupled Enzyme System of E. coli and Brain 
Samples contained, per cc., 25 um of potassium phosphate buffer, pH 7.0, 4 um of 
MgCle, 5 um of ATP, 4.5 units of CoA, and 10 um of L-cysteine. Other additions as 
indicated. Incubation, 60 minutes at 25°. Values given per cc. of reaction mix- 
ture. 











; Additions ‘ 5 
Experi- Hydroxamic Citrate 
ment No. acid formed synthesis 
E. coli 4157 enzyme| Brain enzyme Acetate OAA 
mg. protein mg. protein pM pM pM uM 
1 4.4 4 20 1.80 0.0 
4.4 20 20 0.88 0.62 
4.4 4 20 20 0.39 5.04 
2 4.4 4 20 1.54 0.0 
4.4 20 20 0.83 0.84 
4.4 4 20 20 0.54 5.74 























been earlier considered (1). Since it may be assumed that citryl phos- 
phate would have properties similar to those of acetyl phosphate, if such 
a compound were formed one would expect little or no decrease in 
hydroxamic acid when oxalacetate is present. Experimental confirmation 
of Ogston’s hypothesis (15) for the citrate formed by tissue preparations 
in the presence of either C“O. (16) or 8-carboxyl-labeled C"-oxalace- 
tate (17), or by growing cultures of Aspergillus niger in the presence 
of C4O, (5), has removed former objections to the “symmetric” citrate 
as the primary product of the C2. + Cy, condensation (11, 18). 

As shown in Table V, for every molecule of citrate synthesized from 
acetate, ATP, and oxalacetate, 1 molecule of easily hydrolyzable phos- 
phate of ATP disappears and 1 molecule of orthophosphate is formed. 
This conforms to Reaction 1. 


(1) Acetate + ATP + oxalacetate — citrate + ADP + phosphate 
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The discovery of the bacterial transacetylase by Stadtman (19), the| put tl 
finding by Novelli and Lipmann (2) that acetyl phosphate acts as an acetyl} Jatior 
donor for citrate synthesis in E. coli extracts, and our own studies with Ut 
crystalline condensing enzyme (5) make it possible to formulate Reaction} the ¢ 
1, in the combined system of E. coli and tissue enzymes described in this cond: 
section, as the net result of the three reactions below: case 


(2) Acetate + ATP = acetyl phosphate + ADP (acetate-ATP enzyme) | prese 
(3) Acetyl phosphate + CoA = acetyl-CoA + phosphate (transacetylase) 
(4) Acetyl-CoA + oxalacetate = citrate + CoA (condensing enzyme) | 


"A reversible reaction between acetate and ATP was first described by 




















‘ ‘ , e Th 
Lipmann (20) in extracts of Lactobacillus delbrueckii and later by Stadt- | MgCl 
TABLE V 4157 ¢ 
Citrate Synthesis and ATP Breakdown in Coupled Enzyme System of E. coli and Brain po 
Samples contained, per cc., 5 um of potassium phosphate buffer, pH 7.0, 4 um of — 
MgCl, 5.5 um of ATP, 3.7 units of CoA, 10 um of L-cysteine, H. coli 4157 enzyme 
(3.2 mg. of protein), and ox brain enzyme (4 mg. of protein). Other additions as | —— 
indicated. Incubation 60 minutes at 25°. Values expressed in micromoles per cc. 
of reaction mixture. 
Additions A A (corrected for ATPase) 
Maetle tivd : . A citrate 
lyzable P ri Acetate | OAA | Direct P “—Sr" Direct P Easily ly a 
11 +1.13 —1.2 0 *) 
11 20 +2.29 —2.3 +1.16 —1.1 0 
11 20 | +1.29 —1.3 +0.16 —0.1 +0.13 the 
11 20 20 | +6.76 —6.8 +5.63 —5.6 +5.4 iit 
< 


























man and Barker (21) in extracts of Clostridium kluyveri. The forma- } 4) 
tion of acetyl phosphate from acetate and ATP in £. coli extracts was | (6) 

first observed by Kaplan and Lipmann (22). Both the acetate-ATP| 
enzyme and transacetylase are present in the E. coli extracts as distinct, (7) 
easily separable enzymes.? The condensing enzyme is present in the 





; : ae ‘ : Sinc 
tissue preparations. The course of events in pigeon liver extract is not eins 
yet well understood. These extracts fail to utilize acetyl phosphate as ‘aie 
an acetyl donor unless supplemented with bacterial transacetylase (23), én d 

2 Transacetylase is destroyed by heating at 60° for a few minutes but the acetate- syn 
ATP enzyme remains fully active. This enzyme catalyzes Reaction 2. The equi- trat 
librium position of this reaction is markedly in the direction to the left. Citrate reed 
synthesis from acetate, ATP, and oxalacetate has been shown to require three en- | 
zymes: heated EF. coli enzyme, transacetylase, and condensing enzyme (Stern, J. R., not 
Orgel, G., and Ochoa, S., unpublished experiments). Highly purified transacetylase CO. 
from C. kluyveri was kindly supplied by Dr. E. R. Stadtman. abo 


XUM 





J. R. STERN AND S. OCHOA 169 


), the} but they are able to utilize acetate + ATP for citrate synthesis and acety- 
acetyl | lation reactions. 

; with Utilization of Malate for Citrate Synthesis—l-Malate does not react with 

action | the condensing enzyme but it can be substituted for oxalacetate under 

n this, conditions favoring its oxidation to the latter compound. This is the 

case when malic and lactic dehydrogenases, DPN, and pyruvate are 

| present, because of the occurrence of a DPN-linked dismutation between 























TaB.e VI 
a we | Utilization of Malate for Citrate Synthesis 
‘ ts z The samples contained 25 um of potassium phosphate buffer, pH 7.0, 4 um of 
— MgCle, 5 um of ATP, 4.5 units of CoA, 10 uM of L-cysteine, 20 um of acetate, E. coli 
4157 enzyme (3.4 mg. of protein), and ox brain enzyme (4.7 mg. of protein). Other 
Brata additions as indicated. Final volume 1.25 cc. Temperature, 25°. Values ex- 
pressed in micromoles. 
uM of 
nzyme Additions Citrate synthesis 
ONS as <a 
er ce. OAA l-Malate Pyruvate DPN 20 min. 60 min. 
-——— 20* 0.29 0.84 
20 | 3.25 | 6.60 
— 20 0.15 | 0.61 1.35 
20 20 1.96 | 4.56 
20 2 | 115 | 3.36 7.12 
* Without brain enzyme. 
4 the malic and lactic dehydrogenase systems yielding oxalacetate from 


malate (Reactions 5, 6, and 7). 


yrma- ) (5)  J-Malate + DPNox. = oxalacetate + DPNrea. (malic dehydrogenase) 








3 was (6) Pyruvate + DPNrea. = lactate + DPNox.(lactic dehydrogenase) 
-ATP (DPN) 
tinct, (7) Sum; /-Malate + pyruvate —__ oxalacetate + lactate 
a the Since both malic and lactic dehydrogenases are present in the crude tissue 
S not : : ‘ ; ; , 
_ | enzyme preparations used in this work, a rapid synthesis of citrate from 

— l-malate, acetate, and ATP occurs in the presence of a mixture of EF. coli 
“"" | and tissue enzymes, provided pyruvate is added. The rate of citrate 
etate- | synthesis is increased by addition of DPN. These results are illus- 
equi- trated in Table VI. It was of interest to see whether malate could be 
ae | readily utilized for citrate synthesis in view of the fact that malate, and 
J.R,, not oxalacetate, is the dicarboxylic acid synthesized from pyruvate and 


tylase COs by the action of the “malic” enzyme (24). It can be seen that in the 
above experiments /-malate was as effective as oxalacetate. 
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Methods 


Chilled solutions were placed into test-tubes standing in an ice bath, 
the enzymes being added last. The tubes were gassed with nitrogen, or 
with a mixture of 95 per cent nitrogen and 5 per cent carbon dioxide, 
stoppered, and incubated with shaking at 25°. The reaction mixtures 
were deproteinized with trichloroacetic acid (final concentration 9 per 
cent), centrifuged, and the supernatant used for analysis. 

Preparations—Pigeon liver acetone powder, prepared as previously de- 
scribed (25), was extracted and aged according to the procedure of Kaplan 
and Lipmann (8). . The extract was fractionated with ammonium sulfate, 
and solutions of the fraction obtained between 0.4 and 0.7 saturation (8) 
were used after dialysis for 15 to 18 hours against 0.02 m sodium bicarbon- 
ate at 2-3°. Enzyme solutions from pig heart, ox kidney, and ox brain 
acetone powders (prepared in the same way as the pigeon liver powder) 
were made by extraction with 10 volumes of 0.02 mM potassium phosphate 
buffer, pH 7.0, precipitation with ammonium sulfate, solution of the 
precipitate obtained between 0.4 and 0.7 saturation in 0.02 m potassium 
phosphate buffer, pH 7.0, and dialysis for 15 to 18 hours against the 
same buffer at 2-3°. Fresh minced tissues (pigeon breast, rabbit skeletal, 
and pig heart muscle) were extracted with distilled water at 0° for 20 
minutes with mechanical stirring. The supernatant obtained after cen- 
trifugation at 13,000 r.p.m. and 0° for 20 minutes was brought to 0.9 
saturation with ammonium sulfate, the precipitate was dissolved in 0.02 
M potassium phosphate buffer, pH 7.0, and the solution dialyzed against 
the same buffer for 18 hours. 

Dried bakers’ yeast (Fleischmann) was stirred with 3 volumes of 0.067 
M NasHPO, and allowed to autolyze for 3 hours at 38°. The mixture was 
centrifuged and the supernatant fractionated with ammonium sulfate. 
The precipitate obtained between 0.4 and 1.0 saturation was dissolved in 
0.02 m potassium phosphate buffer, pH 7.0, and the solution dialyzed 
against the same buffer for 18 hours. 

Cultures of E. coli E-26 were kindly provided by Dr. H. J. Strecker, 
Department of Biochemistry, Western Reserve University. The organ- 
ism was grown as described by Strecker et al. (26) for 20 to 24 hours. 
After harvesting, the cells were washed three times with 0.4 per cent 
NaCl and extracted at 0° by grinding in a mechanical mortar with an 
equal weight of powdered glass for 30 minutes, adding 1 volume of 0.02 m 
potassium phosphate buffer, pH 6.8, and grinding for a further 30 min- 
utes. The suspension was centrifuged at 18,000 r.p.m. at 0° for 30 min- 
utes and the opalescent yellow supernatant decanted for use. These 
extracts contained condensing enzyme. 

E. coli, strain 4157, was obtained from the American Type Culture 
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Collection, Washington, D. C. It was grown and harvested as described 
by Umbreit and Gunsalus (27). The cells were washed twice with 0.4 
per cent NaCl and dried in a vacuum over calcium chloride at 0°. The 
dried bacteria were extracted by grinding at room temperature with an 
equal weight of alumina A301 (325 mesh, Aluminum Company of America) 
for several minutes, adding 10 volumes of 0.02 m potassium phosphate 
buffer, pH 7.0, and further grinding or stirring for 30 minutes. The 
| suspension was centrifuged for 20 minutes at 13,000 r.p.m. and 0°. The 





~ ) supernatant was either used as such (after dialysis) or after precipita- 


' tion with ammonium sulfate at 0.9 saturation, solution of the precipitate 
in 0.02 M potassium phosphate buffer, and dialysis for 18 hours against 
the same buffer at 2-3°. The preparations from E. coli 4157 had little 
or no condensing enzyme. 

Oxalacetic acid was prepared according to Krampitz and Werkman (28). 
It was 98 per cent pure, as determined by decarboxylation with aniline 
citrate. ATP, ADP, and t-cysteine hydrochloride were commercial 
preparations. We are indebted to Mr. L. Laufer, Schwarz Laboratories, 
Inc., New York, for gifts of ATP. Oxalacetic acid and L-cysteine hydro- 
chloride were dissolved and neutralized with potassium hydroxide just 
before use. 

Analytical—Citric acid was determined by the method of Natelson 
et al. (29) with some modifications, sulfanilamide by the method of Bratton 
and Marshall (30), acetoacetate by the method of Greenberg and Lester 
(31) as modified by Lehninger,’ and acetyl phosphate by the hydroxylamine 
technique (14). Phosphate was determined as in previous work (32). 


SUMMARY 


1. Soluble enzyme preparations from acetone-dried pigeon liver catalyze 
the synthesis of citrate from acetate, ATP, and oxalacetate. The sys- 
tem requires coenzyme A and magnesium or manganese ions as cofactors. 
The product of the condensation reaction is citrate rather than cis-aconi- 
tate or isocitrate. 

2. Acetoacetate and other aliphatic monocarboxylic 6-keto acids 
(6-ketovalerate, 6-ketocaproate, 6-ketooctanoate) can be substituted for 
acetate in the above system. 

3. A mixture of soluble enzymes from two sources, (a) Escherichia coli 
extracts and (b) a number of animal tissue or yeast extracts, actively 
catalyzes the synthesis of citrate from acetate, ATP, and oxalacetate. 
| The bacterial extracts contribute two enzymes which are needed for the 
| formation of “active acetate” from acetate and ATP. The tissue prepa- 
rations, most of which lack the acetate-activating system, contain con- 





3 Personal communication. 
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densing enzyme. This enzyme catalyzes a reaction between “‘active ace- 
tate” and oxalacetate to yield citrate. Some £. coli and other bacterial 


oe 














extracts also contain condensing enzyme. The mechanism of citrate syn- T 
thesis, which involves coenzyme A, is discussed. 

4. l-Malate does not react with the condensing enzyme but, under con- (F 
ditions favoring oxidation of malate to oxalacetate, citrate is readily syn- . 
thesized from acetate, ATP, and /-malate. 

Our thanks are due to Mrs. Nora Howell and Miss Priscilla J. Ortiz Con 
for help with some of the experiments. gilts 
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THE PREPARATION OF CRYSTALLINE CONALBUMIN* 


By ROBERT C. WARNER anv IONE WEBER 


(From the Department of Chemistry, New York University College of Medicine, 
New York, New York) 


(Received for publication, February 28, 1951) 


Conalbumin was identified as a separate albumin component of the 
white of hen’s eggs by Osborne and Campbell (1). It was distinguished 
from ovalbumin by its lower thermal coagulation point. The separation 
of conalbumin from the other proteins of egg white was accomplished by 
Longsworth, Cannan, and MacInnes (2). Their procedure entailed a pre- 
cipitation below pH 4 in the presence of salt. This method was demon- 
strated to result in a product free from other proteins, but differing from 
the original conalbumin in its electrophoretic behavior. On this account, 
this product will be referred to as “‘acid-modified conalbumin.” A method 
of preparation based on this acid precipitation has also been described by 
Alderton, Ward, and Fevold (8), and one not involving exposure to acid 
pH by Bain and Deutsch (4). None of these preparations was crystal- 
line. 

The presence of a protein fraction in egg white which combines with 
iron was noted by Schade and Caroline (5). This protein was later iden- 
tified as conalbumin (3). The iron-combining property of conalbumin has 
been studied by several workers and the combining capacity has been re- 
ported to be 2 atoms of iron per molecule of protein (6, 7). 

Our interest in conalbumin is primarily in the nature of the acid modi- 
fication reaction. For the purposes of this study, purified conalbumin 
prepared without exposure to low pH was required. We have therefore 
investigated the fractionation of egg white with salt and alcohol at inter- 
mediate pH levels and have obtained conalbumin in crystalline form both 
as the iron complex and as iron-free protein. 


EXPERIMENTAL 


Egg white from day-old eggs was treated substantially according to the 
procedure of Sgrensen and Hgyrup (8) for the preparation of crystalline 
ovalbumin. The filtrate from the ovalbumin served as the starting ma- 
terial for the preparation of conalbumin. Some conalbumin is lost along 


* This work was carried out under contract with the Office of Naval Research, 
Navy Department, Washington, D.C. A preliminary report of this work was pre- 
sented at the meeting of the American Society of Biological Chemists at Atlantic 
City, April 21, 1950 (Federation Proc., 9, 243 (1950)). 
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with the ovalbumin crystals (2), but this disadvantage is outweighe* 
the removal of the globulins and the major portion of the ovalbumin *. wen 
this procedure effects. Electrophoretic patterns of egg white and of the 











Fig. 1. Descending electrophoretic patterns of egg white fractions and of iron 
conalbumin in barbital buffer, pH 8.6, ionic strength 0.1. A, egg white; B, first con- 
albumin fraction; C, first ethanol precipitate; D, crystalline iron conalbumin. The 


components of the patterns are indicated by C for conalbumin, A for ovalbumin, 
and O for ovomucoid. 





conalbumin fraction obtained from this filtrate are shown in Fig. 1, A 
and B. 


In the early stages of this investigation attempts were made to fraction- 
ate this filtrate by the use of ammonium sulfate. It was found that the 
iron complex of conalbumin has a lower solubility in concentrated ammo- 
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.n sulfate than has the iron-free conalbumin. This solubility difference, 

‘sh also prevails in other solvents, aids in the separation of conalbumin 
from ovomucoid, and all subsequent work was carried out with the iron 
complex. Several fractions were obtained in low yield which contained 
more than 95 per cent iron-conalbumin complex. Attempts to crystal- 
lize this fraction by salting-out with ammonium sulfate failed, but one of 
these preparations was induced to crystallize by dialysis at 2° against 
gradually increasing concentrations of ethyl alcohol in 0.02 m sodium chlo- 
ride. After the success of this crystallization, the entire procedure was 
reexamined with greater attention to yield. Alcohol fractionation was 
introduced at an earlier stage and the following method was devised. 

Preparation of Crystalline Tron Conalbumin—The filtrate from the crys- 
tallization of ovalbumin by Sgrensen’s method has a pH of 4.7 and is 
slightly less than half saturated with ammonium sulfate. To this solution 
are added 8 gm. of ammonium sulfate for every 100 ml. of filtrate. The 
precipitated conalbumin fraction is filtered off and dialyzed against fre- 
quent changes of distilled water in the cold for 3 days. A small precipi- 
tate is filtered off and discarded. The filtrate (Fig. 1, B) is adjusted to 
pH 6 and is made 0.02 M in sodium chloride. 50 per cent ethanol in 0.02 
m sodium chloride is gradually added with mechanical stirring at 0—-2° 
until a concentration of 20 per cent (by volume) is attained. Cold water 
is added to the resulting precipitate and the mixture is warmed to room 
temperature to give a 3 to 4 per cent solution. A 50 per cent excess of 
iron, calculated on the basis of | mole per 40,000 gm. of protein, is added 
as ferric nitrate in 0.1 M sodium citrate, together with an excess of sodium 
bicarbonate (6). The solution, containing a small precipitate which de- 
velops when the iron is added, is adjusted to pH 9.2 with ammonia. It 
is exhaustively dialyzed against 0.002 M ammonia in the cold. A small 
yellow precipitate is filtered off and discarded. The electrophoretic pat- 
tern of the filtrate is shown in Fig. 1, C. Subsequent preparations con- 
tained less ovalbumin than is indicated by this pattern. 

The filtrate is adjusted to pH 6 and is made 0.02 Mm in sodium chloride. 
The ethanol concentration is raised to the point of very slight turbidity 
(8 to 10 per cent) at 0-2° by adding 50 per cent ethanol in 0.02 m sodium 
chloride. The solution is seeded with erystals and allowed to stand over- 
night. The crystalline precipitate which forms is stirred with the solution 
and the ethanol concentration is gradually raised to 15 to 20 per cent.’ 
The pink or red crystals settle, leaving a slightly colored solution. The 
crystals are dissolved in water and recrystallized twice by the same method. 

1 Tf seed crystals are not available, this precipitation should be repeated twice. 
A solution of resulting amorphous precipitate can be crystallized by dialysis against 
gradually increasing concentrations of ethanol in 0.02 m sodium chloride. 
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The yield of iron conalbumin in our largest scale preparation was 108 
gm. of thrice crystallized protein from 15 liters of egg white or 44 per cent 
of the amount estimated to have been present. 

Iron-free conalbumin and partially purified preparations of the iron com- 
plex are freely soluble in water near 0°. It was found, however, that the 
crystallized iron complex has a limited solubility at this temperature and 
can be crystallized from water. The crystalline paste from the above 
procedure dissolves in water at 25°. By slowly cooling this solution to 
2°, the protein can be recrystallized. The solubility in water is about 1 
per cent and the residual protein in solution can be recovered by the use 
of ethanol. We have routinely used water crystallization in our conalbu- 
min preparations. A photomicrograph of the crystals is shown in Fig. 2, 
A, and an electrophoretic pattern in Fig. 1, D. Crystals measuring sev- 





Fig. 2. Photomicrographs of (A) iron conalbumin X 39;and (B) conalbumin X 
78. 


eral mm. on an edge have been obtained. Recrystallization can also be 
effected by salting-out with ammonium sulfate. 

We have also prepared crystalline iron conalbumin without the use of 
ammonium sulfate. The starting material in this case was a fraction sepa- 
rated from diluted egg white in 0.01 m sodium chloride at pH 6 by 25 per 
cent ethanol, and the subsequent steps were similar to those described 
above. 

Although riboflavin is present in the crude conalbumin fraction sepa- 
rated from egg white by ammonium sulfate or by ethanol, none is present 
in our final product. We therefore cannot confirm the claim of Bain and 
Deutsch (4) that conalbumin is a flavoprotein. 

Tron-F ree Conalbumin—-The iron is very tightly bound by the conalbu- 
min and is difficult to remove completely. Citrate is an effective compet- 
itor for the iron when the pH is lowered to 4.7. A lower pH must. be 
avoided because of the change resulting from the acid modification reac- 
tion. The ferric citrate complex that is formed under these conditions 
cannot be effectively removed by dialysis. It was found, however, that 
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108 


it can be rapidly and completely removed by ion exchange by using the 
- | chloride form of an anion exchange resin.” 

In carrying out the removal of iron, a concentrated solution of iron 
™m- | complex at room temperature is brought to pH 4.7 by the addition of 
the citric acid. When the reddish color of the iron complex has faded, 1 gm. 
ind of resin is added for every 10 gm. of conalbumin. The suspension is 
ove 


stirred gently for about 30 minutes until the yellow color of the ferric 
™ | citrate disappears. The resin is filtered off and washed. Two more 
| equilibrations with 1 gm. portions of the resin are carried out. A small 
| amount of citrate buffer at pH 4.7 is added each time to insure an excess of 
citrate ion. The final solution is adjusted to pH 6.5 and dialyzed to re- 
move any excess citrate. This solution should be colorless even in con- 
centrations of 10 per cent or greater. A 1 per cent solution should have 
an optical density at 470 my in al cm. cell of not more than 0.010. Great 
care must be taken not to reintroduce contaminating iron from reagents, 
glassware, or cellophane dialysis tubing. The tubing must be soaked in 
dilute citric or nitric acid and washed before use, and iron-free water 
must be used in all the procedures. 

The iron-free conalbumin can be crystallized by the use of ethanol in 
the same way as the iron complex. A slightly higher ethanol concentra- 
tion is required for complete crystallization. The difference in solubility 
in water at 0° between this material and the iron complex is very striking. 
A 20 per cent solution of the iron-free protein can easily be prepared, as 
compared with the solubility of about 1 per cent for the latter. A photo- 
be | micrograph of the iron-free crystals is shown in Fig. 2, B. 
|  Analytical—All analytical determinations were made on iron conalbumin 
cal which had been crystallized from distilled water. The data are based on 
pa- the dry weight determined at 110°. The extinction coefficients were meas- 
per ured with a Beckman spectrophotometer. 
bed Solutions of iron conalbumin have a reddish brown color and show a 
maximum light absorption at 470 my. The extinction coefficient at this 
pa- wave-length for a solution containing 1 gm. of protein per 100 ml. in a 1 
ent em. cell was found to be 0.620 from pH 6 to above pH 9. The ratio of 
and this coefficient to that found at the minimum absorption at 400 mu was 
1.46. The extinction coefficient at 278 my in 0.02 m hydrochloric acid 
bu- was determined to be 11.1 for both conalbumin and iron conalbumin. 
net- This value was used in assaying protein concentration during the fraction- 

be ation work. 
2aC- The nitrogen content was found by the Kjeldahl method to be 16.6 per 
cent in agreement with Lewis ef al. (9). The iron content was determined 
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hat 2 Dowex-l, after cycling, washing, and drying, was found to be excellent. Other 


anionic resins were less satisfactory. 
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by a modification of the method of Drabkin (10). The digestion used in 
his procedure was omitted. The color developed with o-phenanthroline 
after reduction of the iron with ascorbic acid at pH 3.2 was measured 
spectrophotometrically. An iron content of 0.159 + 0.003 per cent was 
found. This is equivalent to a minimum molecular weight of 35,100. A 
slightly higher value of 38,300 was calculated from the iron-combining 
capacity, determined by titrating iron-free conalbumin with a standard 
iron solution to the point of maximum absorption at 470 mu. 

During the preparation of the crystalline iron complex, a large excess of 
iron was added. ‘Traces of this may have been bound in linkages other 
than that responsible for the absorption at 470 my. Since such iron would 
be included in the direct analysis, we favor the lower iron content (higher 
molecular weight) obtained by the titration method. Iron-combining ¢a- 
pacities of 0.110 to 0.125 per cent have recently been reported by Fraenkel- 
Conrat and Feeney (7). In our opinion, these are too low because non- 
equilibrium methods were used and iron-complexing ions were present 
under conditions in which they can compete with conalbumin for the 
iron. In addition, the conalbumin employed was prepared by acid pre- 
cipitation and may have been modified with respect to its capacity to 
combine with iron. If the combination of 2 iron atoms with 1 molecule 
of protein is assumed, our data also indicate a lower molecular weight than 
the 87,000 reported by Bain and Deutsch (4) from the determination of 
sedimentation and diffusion constants. The agreement is much better 
with the approximate value of 70,000 given by Longsworth, Cannan, and 
MaclInnes (2). The metal-combining properties of conalbumin are being 
further investigated. 

Electrophoresis—Crystalline conalbumin, both free and combined with 
iron, was examined electrophoretically over the pH range 4.7 to 8.6. Ace- 
tate, cacodylate, and barbital buffers with an ionic strength of 0.1 were 
used. Care was taken to eliminate iron from the buffers used for conal- 
bumin, and only the experiment in cacodylate buffer at pH 6.9 showed 
any evidence of a boundary due to iron conalbumin. The iron complex 
dissociates between pH 5 and 6. The extent of the dissociation depends 
upon the anion present and is reflected in the patterns obtained in this 
pH range. Excess iron was added to the buffers used between pH 5.6 and 
6.4 for the experiments on the iron complex to prevent its dissociation. 
Below pH 5.6, the complex becomes increasingly unstable and, at pH 4.7, 
when the dissociation is essentially complete, it has the same mobility as 
the iron-free protein. Under the conditions indicated above, both prepa- 
rations were electrophoretically homogeneous. A typical pattern is shown 
in Fig. 1, D and the data for mobility are given in Fig. 3. The curve was 
not extended below 4.7 because of the change in conalbumin resulting from 
the acid modification reaction. 
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In mixtures of the two proteins, the components migrated independently 
at pH 8.6. At pH 5.6, such mixtures gave patterns showing three bound- 
aries, the slowest and the fastest having the mobilities of iron conalbumin 
and conalbumin respectively. The third boundary of intermediate mobil- 
ity may result from conalbumin with only 1 atom of iron per molecule. 

The graph of mobility against pH (Fig. 3) shows that iron conalbumin 
has a more negative mobility than conalbumin at all pH values. This is 
reflected in the isoelectric point of 5.8 for iron conalbumin as compared 
with 6.8 for conalbumin. The large difference in isoelectric points is partly 





+ 
ni) 
T 

1 


PA 








MOBILITY x 105 
+o 

' 

1 


J 
N 
q 
1 








1 l 1 i 

5 6 

pH 
Fia. 3. The mobilities of conalbumin and iron conalbumin as functions of the 

pH. O, conalbumin; @, iron conalbumin; X, iron conalbumin in a phosphate 


buffer. 





1 1 
7 8 


a result of the unusual flatness of the curves between pH 6 and 7. The 
value for the isoelectric point of conalbumin is considerably higher than 
that of 5.8 reported by Longsworth, Cannan, and MacInnes (2). This 
difference appears to be largely due to the use of phosphate buffers by 
these authors. The point in Fig. 3 for iron conalbumin in a phosphate 
buffer shows that a much more negative mobility is obtained than in ca- 
codylate buffer of the same pH. This effect of phosphate was also veri- 
fied for conalbumin in a series of experiments at an ionic strength of 0.05. 
This explanation does not apply to the difference between our value and 
the isoelectric point of 6.1 found by Bain and Deutsch (4), since they 
used cacodylate buffers. 

At an ionic strength of 0.01 in the isoelectric region, non-enantiographic 
patterns were obtained with both preparations. 
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SUMMARY 


The conalbumin of hen’s egg white has been prepared in crystalline 
form, both as the iron complex and as the iron-free protein. Electro- | 
phoretic and analytical data on this protein are reported. 
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DISSOCIATION OF RESPIRATION AND ENZYMATIC 
SYNTHESIS OF CITRULLINE* 


By SANTIAGO GRISOLIA, 8S. B. KORITZ, anp PHILIP P. COHEN 


(From the Laboratory of Physiological Chemistry, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, December 13, 1950) 


In preceding studies (1, 2) the enzymatic reaction, ornithine — ci- 
trulline, in washed rat liver residues was investigated. From these stud- 
ies it appeared that the enzymatic systems involved in the major steps 
of citrulline synthesis were considerably more stable than was thought 
previously. Therefore an attempt was made to separate the oxidative 
energy-yielding system from the synthesis in the enzymatic complex. 
This was accomplished by thermal inactivation as well as by fractiona- 
tion. 

This paper reports the results obtained by the thermal inactivation 
of the oxidative enzymes involved in citrulline synthesis. 


EXPERIMENTAL 


Materials—Commercial preparations were used unless otherwise indi- 
cated. Potassium fumarate was a gift from Dr. R. W. McGilvery of 
this Department. Adenosinetriphosphate (ATP) was prepared from rab- 
bit muscle (3). Diphosphopyridine nucleotide (DPN) and triphospho- 
pyridine nucleotide (TPN) were gifts from Dr. G. A. LePage and Dr. 
G. C. Mueller of the McArdle Memorial Laboratory of this University. 
A crude preparation of flavin-mononucleotide (FMN) and flavin-adenine 
dinucleotide (FAD) was obtained as a fraction by using the Altman! 
modification of the method of Warburg eé al. (4) for the preparation of 
TPN from calf’s liver. This fraction contains some TPN. Cytochrome 
¢ was prepared by the method of Keilin and Hartree (5). 

Tissue Preparations—The preparation of washed rat liver residue pre- 
viously described by Cohen and Hayano (6) was used. Aged enzyme 
systems refer to preparations which have been incubated at 38° in the 
absence of substrates. 

Analytical Methods—Citrulline was estimated by the colorimetric 
method of Archibald (7); nitrogen was determined by a standard micro- 
Kjeldahl procedure. 


* Supported in part by grants from the Wisconsin Alumni Research Foundation 


| and the National Institutes of Health, United States Public Health Service. 


‘Altman, K. I., personal communication. 
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Preparation of Samples—Ice-cold reaction mixtures were measured into 
the main compartment of Warburg flasks (previously chilled in ice) and 
ice-cold enzyme was added to the side arm. Incubations were carried 
out at 38° in air. At the end of the incubation period, 4.0 ml. of 5 per | 
cent perchloric acid were added to the samples in the experimental ves- 
sels and analysis was then performed on aliquots of the clear supernatant 
after centrifugation. 


Results 


Thermal Dissociation of Enzymatic Complec—As was pointed out in a | 


previous paper (2), the incubation of washed residue in the side arm of 
Warburg vessels at 38° in the absence of substrate results in a rapid deteri- 
oration of the enzymatic system, appreciable inactivation occurring during 
the first 15 to 20 minutes. These studies have been extended. As is 
shown in Table I, there is a marked difference in the degree of inactiva- 
tion, depending on both the total amount and the concentration of en- 
zyme solution during the thermal inactivation time. It can be seen that, 
after reaching a period of almost total inactivation, the enzymatic ac- 
tivity sometimes increases slightly, particularly when carbamylglutamate 
is present (compare the data at 40 and at 60 minutes aging time in Table 
I for carbamylglutamate). As an explanation for this, it is possible that 
the ATPase liberated during the deterioration of the complex is partially 
destroyed by the simultaneous liberation of proteolytic enzymes. Since 
the system containing carbamylglutamate is more active, this may indi- 
cate that this compound is more closely related to citrulline synthesis 
than is glutamate. 

It seemed possible that one of the components of the enzymatic com- 
plex, either the energy-yielding system or the synthesizing system, would 
be relatively more susceptible to inactivation. An observation of the 
rates of respiration with partially aged enzymes showed a dissociation of 
respiration and enzymatic synthesis (see Table IT). Dissociation of res- 
piration and phosphorylation has been demonstrated previously by others 
(8). Thus, although certain partially inactivated enzyme systems will 
respire, it appeared to be possible that the oxidative energy-yielding 
enzymes could be destroyed, without affecting the citrulline synthesizing 
enzymes. If this proved to be true, the addition of a fresh active prep- 
aration should result in an increase in citrulline synthesis, and this did 
prove to be the case, as shown in Table I, in which are indicated the val- 
ues obtained by the addition of fresh enzyme at different times of aging. 











A confirmation of this interpretation is seen from the results of experi- | 


ments in which an aged preparation of rat liver was added to an active 
preparation of washed residue obtained from pigeon liver. Pigeon liver 
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residue does not contain the enzymatic system for the synthesis of ci- 
trulline, as previously indicated (2). The results of these experiments 


TasBLe I 
Thermal Inactivation of Rat Liver Residue and Its Reactivation by Fresh Residue 
The values for the experiments are given in micromoles of citrulline. 





























Column I Column II Column III 
Aging time 
(A) (B) (A) (B) (A) | (B) 
min. | 
Glutamate 0 0.18 | 0.36 | 0.66 | 1.39 | 1.40 | 1 94 
20 0.02 | 0.14 | 0.04 | 0.98 | 0.99 | 1.86 
30 0.02 | 0.03 | 0.03 | 0.12 | 0.42 | 0.72 
40 0.00 | 0.02 | 0.00 | 0.03 | 0.03 | 0.05 
60 0.00 | 0.03 | 0.00 | 0.00 | 0.04 | 0.07 
20* 0.36 1.20 2.10 
30* 0.28 1.03 1.62 
40* 0.22 0.73 1.49 
60* 0.10 0.64 1.20 
Carbamyl-L-glutamate 0 0.49 | 1.17 | 2.80 | 4.22 | 3.63 | 4.75 
20 0.13 | 0.19 | 0.57 | 1.64 | 2.60 | 3.87 
30 0.12 | 0.15 | 0.23 | 0.36 | 0.77 | 1.30 
40 0.00 | 0.00 | 0.06 | 0.06 | 0.09 | 0.09 
60 0.00 | 0.00 | 0.16 | 0.20 | 0.29 | 0.31 
20* 1.10 3.90 4.72 
30* 0.85 3.20 4.20 
40* 0.70 3.00 | 3.90 
60* 0.40 2.60 | 2.70 











Final substrate concentrations, ATP 1.2 X 10-3 m; fumarate 8 X 10-* mM; NH,Cl 
3.2 X 10-3 Mm; glutamate or carbamyl-L-glutamate 4 X 10-° m; MgSO, 6 X 107° mM; 
L-ornithine 4 X 10-* m; phosphate buffer, pH 7.15, 6 X 10-3 M; and potassium ions 
to bring the medium to isotonicity. Final volume, 4.0 ml. Tissue concentrations, 
in mg. of N per ml., 2.03 for the experiments under Column I (with glutamate), 
2.55 under Column II (with glutamate), 6.12 under Column III (with glutamate), 
1.72 under Column I (carbamyl-.-glutamate), 4.20 under Column II (carbamyl-.- 
glutamate), 6.5 for Column III (carbamyl-u-glutamate). In the experiments under 
(A), 0.4 ml. of the corresponding enzyme solution was used; under (B), 0.8 ml. 
was used. The incubations were carried out for the time periods indicated with 
the enzyme in the side arm of the vessel. Then the enzyme solution was tipped 
into the main compartment and incubated for 40 additional minutes. 

* Same procedure as above, except that 0.4 ml. of the original washed residue 
used in the particular experiment (kept on ice) was added at the indicated times to 
the previously aged enzyme. Controls showed no appreciable inactivation of the 
enzyme kept on ice. 


are indicated in Table III. It should be noted that the addition of 0.4 
ml. of fresh enzyme to 0.4 ml. of enzyme aged for 20 minutes results in 
citrulline synthesis equivalent to 0.8 ml. of fresh enzyme. Apparently, 


XUM 








184 RESPIRATION AND SYNTHESIS OF CITRULLINE 


TaBLeE II 


Dissociation of Respiration and Synthetic Activity in Washed Rat Liver Residues 























Glutamate, relative per | Carbamyl-t-glutamate, 
cent relative per cent 
Experiment reported in Time of aging : 
Synthesis | O2 uptake | Synthesis | Oz uptake 
min. | 
Table I, Column II (A)....... 0 100 100 100 100 
ls es | Ca AA err ee 30 4.6 90 8.5 80 
= Oat a | tC gece meeeaienne 40 0 60 0.25 0 
“IV, Experiment B...... | 0 100 100 100 100 
“Iv, a ee 30 37.3 100 24.5 100 
pies! "2A ah ieee 40 0 100 15.6 29 
ee Fae ne Oe 0 100 100 100 100 
Pie FSS r eet eee 30 0 86 26.5 70 
eo ie . REA arsictears 40 0 50 15.5 30 











The figures in the table refer to the relative values of the data obtained as com- 
pared with the controls (0 time). The exact values for respiration are not known, 
since the experiments were purposely conducted without the absorption of carbon 
dioxide. The percentage has been calculated on the basis of the gas uptake figures 
or a 20 minute interval, starting after 5 minutes incubation of the complete sys- 
tem. 


Tas_e III 
Effect of Pigeon Liver Residue on Aged Liver Residue 
The values are given in micromoles of citrulline. 














Carbamyl-t-glutamate 
Experiment No. Aging time 
Rat Pigeon Rat and pigeon 
min. 
1 Control 2.37 0 
40 0.28 0 0.64 
2 Control 1.88 0 
40 0.09 0.75 
50 0.07 0 1.23 
3 Control 1.83 0 1.83 
40 0.07 0 1.85 
60 0.17 0 1.83 
80 0.21 0 1.82 














The substrate concentrations and experimental conditions were as described in 
Table I. At times indicated in Table III, 0.4 ml. of fresh pigeon liver residue was 
added to the rat liver enzyme and the combined enzymes mixed with substrates 
and incubated for 40 minutes. Tissue concentrations for rat liver residue: 1.81 
mg. of N (Experiment 1); 1.48 mg. of N (Experiment 2); 1.60 mg. of N (Experiment 
3). For pigeon washed residue, 0.67 mg. of N (Experiment 1); 1.07 mg. of N (Ex- 
periment 2); 3.22 mg. of N (Experiment 3). 
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the ability to reactivate the system to the original activities decreased 
with increasing time of aging. These results would seem to indicate 















































sidues 
= TaBLe IV 
= * Effect of Cofactors on Aged Rat Liver Residues 
— | The values are given in micromoles of citrulline. 
uptake 
—— | J Glutamate Carbamyl-1-glutamate 
Experiment Effect of Aging 
(00 Control | Experimental | Control | Experimental 
80 min 
P | A | Boiled aqueous ex-| 0 | 0.32 0.32 1.48 1.44 
‘00 tract 20 0.14 0.24 0.25 0.51 
29 30 0.03 0.07 0.29 0.33 
00 40 0.04 0.06 0.20 0.30 
70 B TPN 0 0.51 0.61 1.17 1.23 
30 20 0.23 0.39 0.24 0.44 
30 0.08 0.29 0.20 0.30 
‘ai 40 0.0 0.0 0.17 0.19 
none C DPN 0 0.72 0.92 2.60 2.35 
Bi 20 0.51 0.56 1.12 0.77 
me 30 0.0 0.0 0.62 0.62 
nga 40 0.0 0.0 0.36 0.36 
“| Dd | Cytochrome 0 | 0.49 | 0.73 1.38 | 2.02 
20 0.06 0.50 0.40 0.80 
30 0.0 0.0 0.04 0.25 
40 0.0 0.06 0.14 0.34 
E DPN + TPN + cyto- 0 0.59 0.49 1.29 2.03 
chrome c 20 0.15 0.17 0.43 0.62 
es 30 0.0 0.05 0.03 0.24 
40 0.0 0.04 0.04 0.29 
F FMN + FAD + ad- 0 0.20 0.21 0.55 0.77 
ditions, as in Ex-| 20 | 0.06 0.12 0.36 0.66 
periment E 30 0.03 0.12 0.26 0.42 
40 0.0 0.09 0.18 0.45 
Substrate concentrations and experimental conditions were as described in 
Table I. Under ‘Experimental’? are included the data obtained with a boiled 
aqueous extract containing 2.06 mg. of N (Experiment A); TPN, 5 X 10-4 m (Ex- 
periment B); DPN, 5 X 10-* m (Experiment C); cytochrome c, 1.1 X 10-5 m (Ex- 
periment D); DPN and TPN, at the same concentrations as in Experiments B and 
C; cytochrome c, as in Experiment D (Experiment E). Experiment F contains 24 
ing. of a crude preparation of FMN plus FAD in addition to all cofactors described 
__ | for Experiment E. Tissue concentrations, 1.18 mg. of N for Experiment A; 1.01 mg. 
ante | of N for Experiment B; 2.26 mg. of N for Experiment C; 1.2 mg. of N for Experi- 
e was | ment D; 1.3 mg. of N for Experiment E; and 1.87 mg. of N for Experiment F. 
— | that in the preparations thermally inactivated for a short time there is a 
5 preferential destruction of the energy-yielding system with little decrease 
| (Ex. | of the synthetic activity. As the aging time increases, both the energy- 


yielding and synthetic activity appear to be destroyed. 
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It is not clear why in some experiments (Table I) the addition of fresh | 


enzyme to the aged preparation produces an inhibition of citrulline syn- 
thesis. As these results may be obtained only after long periods of aging 
of the tissue, it may indicate a liberation of active proteolytic enzymes 
which inactivate the fresh enzyme. Some inhibition of fresh as well as 
aged preparations of rat liver has been observed with high concentrations 
of washed residues of pigeon liver. A similar inhibitory effect by rat 
heart homogenates has also been observed with purified rat liver mito- 
chondria. No satisfactory explanation can be given at the present time 
for this effect.’ 

In order to test the possibility of reactivation of the aged preparations 
by factors less directly associated with energy requirements, some co- 
factors, which conceivably might have been destroyed during the thermal 
inactivation, were tested. TPN, DPN, cytochrome c, FMN, FAD, and 
mixtures of these and a boiled aqueous extract of washed residue of rat 
liver were studied. Although some of these showed some reactivation of 
the aged preparations, the experiments reported in Table IV show clearly 
that they are not involved in a specific way in the loss of activity of 
washed residue by aging. 


DISCUSSION 


It has become evident during the past few years that respiration and 
phosphorylation can be separated successfully (8) and that certain syn- 
thetic reactions can be catalyzed in the absence of aerobic phosphoryla- 
tion, provided that high energy phosphate bond compounds are made 
available (10-12). It has been reported previously that rat liver washed 
residues are capable of aerobic phosphorylation (13, 14), and that citrul- 
line synthesis can be coupled with high energy phosphate bond com- 
pounds starting from glutamate (6) and carbamylglutamate (2). 

It is shown in the experiments reported here that partial thermal in- 
activation of washed residues from rat liver results in a selective destruc- 
tion of the aerobic phosphorylative mechanism, whereas the activity for 
the synthesis of citrulline is retained. Therefore, if high energy phos- 
phate bond compounds are made available to the partially inactive prep- 
aration, as by the addition of a system able to maintain aerobic phos- 
phorylation, the coupling of these compounds with the synthetic system 
occurs and the synthesis of citrulline can be demonstrated. That the 





2 Unpublished experiments by the authors showed some activation of the reaction | 


by cytochrome c with pure preparations of mitochondria prepared from rat liver 
according to the method of Schneider (9). 


* Experiments by the authors showed inhibition of the purified enzyme preparation 


by high concentrations of boiled aqueous extract of washed liver residues, as well a8 
by extracts of pigeon liver acetone powder preparations. 
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ability to restore synthetic activity is dependent upon such coupling is 
seen in the experiments in which none of the many cofactors tested could 
reactivate the aged preparations, suggesting that the dependence of the 
synthetic activity is on a high energy bond transfer. The mechanism by 
which the energy of oxidative reactions couples with endergonic synthetic 
reactions is not known. However, the fact that an actively respiring 
washed residue of liver from either rat or pigeon can “couple” with a 
washed residue of rat liver which has lost its oxidative activity indicates 
that there is a dissociable component involved. It is apparent from the 
present studies that this component is not one of the recognized cofactors. 


SUMMARY 


1. The thermal inactivation of the enzymatic system that catalyzes 
the reaction ornithine — citrulline appears to be primarily the result of 
inactivation of the phosphorylation system. The rate of inactivation 
depends upon the total amount as well as upon the concentration of the 
enzyme during the aging time. 

2. Thermally inactivated preparations can be restored to almost full 
activity by the addition of fresh washed residues of rat or pigeon liver. 

3. The activity of aged preparations cannot be restored by the addi- 
tion of cytochrome c, diphosphopyridine, triphosphopyridine, flavin-mono- 
nucleotide, flavin-adenine dinucleotide, or by a boiled aqueous extract ob- 
tained from washed residue of fresh rat liver. 
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Experimental evidence to date (1-10) provides strong support for 
the Krebs-Henseleit (1) theory of urea synthesis. It appears that this 
scheme accounts for the major pathway of urea synthesis in the animal 
body. The detailed studies of the enzymatic steps have been aided 
greatly by the successful separation of the enzymatic systems concerned 
with Steps I and II (5). Recently Step II, concerned with the synthesis 
of arginine from citrulline, has been studied with partially purified, solu- 
ble enzyme preparations (6). Until recently, however, the enzymatic 
system concerned with the synthesis of citrulline from ornithine (Step 
I) has been studied chiefly with a washed liver residue preparation (5, 
7, 8, 10). Studies with this preparation led to the conclusion that ci- 
trulline synthesis did not result from direct carboxylation of the 6-amino 
group of ornithine followed by enzymatic amidation, as suggested by 
Krebs (11), but rather was the result of a transcarbamylation reaction 
between carbamylglutamate and ornithine in the presence of ammonia 
(10). This paper deals with the isolation and properties of soluble prep- 
arations obtained from rat liver which require the presence of carbamyl- 
glutamate for citrulline synthesis. 








EXPERIMENTAL 


All preparations employed and most of the analytical methods have 
been described in preceding papers (10, 12).! Inorganic phosphate was 
measured by the method of Lowry and Lopez (13). 

Tissue Preparations—Washed residues of rat or pigeon liver were pre- 
pared by previously described techniques (5). 

Preparation of Samples—Ice-cold reaction mixtures were measured into 
the main compartment of Warburg vessels or into 12 ml. centrifuge tubes 
(previously chilled in ice). Warburg flasks were used only in experiments 
conducted under strictly anaerobic conditions with yellow phosphorus in 

* Supported in part by grants from the Wisconsin Alumni Research Foundation 


and the National Institutes of Health, United States Public Health Service. 


1 Carbamylglutamate was estimated by using an unpublished method of Koritz 
and Cohen. 
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the center well. The enzyme preparation was kept at ice bath tempera- 
ture until addition to the incubation mixture. Incubations were carried 
out at 38° in either air or nitrogen. The final volume, unless indicated 
otherwise under the particular experiment, was 4.0 ml. At the end of 
the incubation period the samples were deproteinized as described in the 
preceding paper (12) and analyzed for citrulline. 

Isolation of Citrulline-Synthesizing Enzyme—All operations described 
were performed in a 3° cold room or a low temperature box. The start- 
ing material was essentially the washed residue preparation described by 
Cohen and Hayano (5). Fresh rat livers were dispersed in 5 parts of 
ice-cold isotonic KCl in a Waring blendor for 2 minutes.? The resulting 


homogenate was centrifuged at 2000 X g for 20 to 25 minutes. The | 


supernatant was discarded and the residue subsequently taken up in 5 
volumes of isotonic KCi, centrifuged for 20 minutes at 2000 X g, and 
the supernatant again discarded. This procedure was repeated twice 
more. The well washed residue was taken up in a minimum volume of 
cold 0.1 m phosphate buffer, pH 7.4, transferred to a Waring blendor, and 
mixed with 4 to 5 volumes of cold acetone (—10°) for 1 to 2 minutes. 
The mixture was further mixed with an equivalent amount of cold ace- 
tone (— 10°), allowed to stand for 2 minutes, and then filtered on a Biich- 
ner funnel. The precipitate was resuspended in cold acetone, homogen- 
ized, and filtered again. The solid was then dried on the funnel, and 
finally on filter paper with constant mixing, and stored in a vacuum desic- 
cator over calcium chloride. Acetone powders kept in the desiccator 
maintain their activity for many months. The yield of acetone powder 
was roughly one-tenth of the wet weight of the starting fresh liver. For 
further fractionation the acetone powder was extracted with ice-cold KCl- 
NaHCoO;-phosphate mixture. In a typical preparation 28.5 gm. of ace- 
tone powder were treated with a mixture consisting of 324 ml. of iso- 
tonic KCl, 108 ml. of 0.1 m phosphate buffer, pH 7.4, and 108 ml. of 0.1 
mM NaHCO;. The suspension was allowed to stand for 30 minutes with 
occasional stirring and then homogenized in a Waring blendor for 1 min- 
ute. The mixture was centrifuged for 20 minutes at 2000 X g and the 
residue discarded. The supernatant was then further fractionated with 


2 An old type Waring blendor motor was used. The use of a high power motor 
results in solubilization of mitochondria, with the result that much of the activ- 
ity passes into solution and cannot be sedimented by centrifugation at 50,000 to 
80,000 X g. 

3 Active preparations suitable for these studies can be obtained by phosphate, 
bicarbonate, dilute alkali, or water extracts of the acetone powder, followed by 
centrifugation. At this stage the enzyme cannot be sedimented by centrifugation 
up to 20,000 X g. 
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ethanol under the following conditions‘ 500 ml. of supernatant were 
mixed with 110 ml. of absolute ethanol to give a final concentration of 18 
per cent ethanol. After centrifugation for 10 minutes at 2000 X g, the 
precipitate was collected (Fraction A) and the supernatant mixed with 
160 ml. of ethanol to give a final concentration of 35.6 per cent. The 
resulting precipitate was collected by centrifugation as before (Fraction 
B). The supernatant was then mixed with an additional volume of 230 
ml. of ethanol to give 50 per cent final concentration. The resulting 
precipitate was separated by centrifugation (Fraction C). All fractions 
were taken up in a minimum of ice-cold distilled water, lyophilized, and 
then stored in a vacuum desiccator. Fraction A showed a slight yellow 
color, whereas Fraction B showed a slight pink and Fraction C a strong 
pink color. Yields and activities are recorded in Table I. All fractions 
were found to be stable in a desiccator in the cold for many months. All 
fractions are soluble in water. 

Effect of Gas Phase on Citrulline Synthesis—Extracts of acetone pow- 
der or the alcohol fractions are both as active in air as in nitrogen. In 
previous work (5, 7, 10) it was shown that very little synthesis of citrul- 
line occurred in the absence of oxygen and further that previous incuba- 
tion of rat liver washed residues with glutamate, ammonia, and carbon 
dioxide prior to the addition of ornithine resulted in a larger synthesis of 
citrulline under anaerobic conditions. In similar experiments, with car- 
bamylglutamate instead of glutamate, the amount of synthesis under 
anaerobic conditions was still larger. At the same time the failure to 
couple the reaction under strict anaerobic conditions with suitable hydro- 
gen acceptors or with energy-yielding reactions was reported (10). It is 
now apparent that the need for oxygen was primarily concerned with the 
rapid resynthesis of high energy phosphate bonds. The reason for the 
failure of the a-ketoglutaric acid dismutation system (14) to couple is 
not entirely clear; perhaps the synthesis of high energy phosphate bonds 
was not sufficient to support synthetic activity because of the ATPase 
present in washed residues. 

Phosphate Requirement—For convenience phosphate buffer was used al- 
most exclusively, although it is not essential. In some experiments gly- 
cylglycine buffer was used, replacing phosphate buffer with the same 
experimental results. 

Bicarbonate Ion Requirement—The purified enzyme preparations used 

‘A strict adherence to low temperature conditions for alcohol fractionation as 
well as to the scheme described is essential. In experiments in which the extraction 


conditions were changed, no sharp fractionation or high yield of activity was ob- 
tained. 
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in these studies require bicarbonate ions, as indicated in Fig. 1, Curve 1. 
Previously it was shown that carbamylglutamate was superior to glu- 
tamic acid in supporting the synthesis of citrulline in either the presence 
or the absence of bicarbonate ions. The superiority of carbamylglu- 
tamate was more marked in the latter case. As some of the experiments 


TaBLe I 
Enzyme Assays during Purification 








Fraction M per mg. activity of Assay in presence of 
soluble nitrogen —— 
gm. 
Acetone powder......... 28.5 0.03 33.5 Glutamate 
cs GEN eR ee 28.5 0.68 755.5 Carbamyl-t-glutamate 

Fraction A (ppt. 18% 

21077010) b ee ee 1.67 0.46 41.2 ‘i 
Fraction A (ppt. 18% 

BHBAHON) 26.0 5nG hk aes 1.67 0 0 Glutamate 
Fraction B (ppt. 18- 

35.6% ethanol)........ 2.90 1.70 508.0 Carbamyl-1-glutamate 
Fraction B (ppt. 18- 

35.6% ethanol)........ 2.90 0.06 17.6 Glutamate 
Fraction C (ppt. 35.6- 

50% ethanol).......... 1.35 0.69 72.4 Carbamy]l-i-glutamate 
Fraction C (ppt. 35.6- 

50% ethanol).......... 1.35 0 0 Glutamate 

















Final substrate concentrations, NaHCO;, 5 X 10°? m; MgSQ,, 5 X 107 M; L- 
ornithine, 5 X 10-? m; NH,Cl, 5 X 10-* m; ATP, 2.5 X 10-* m; phosphate buffer, 
pH 7.2, 5 X 10-* m; u-glutamate or carbamyl-u-glutamate, 5 X 10-°m. The enzy- 
matic fractions obtained during the purification procedure were tested in this 
system. Incubation time, 30 minutes; temperature, 38°. Amount of enzyme 
nitrogen used for these tests: extract of acetone powder, 1.18 mg.; Fraction A, 
0.325 mg.; Fraction B, 0.62 mg.; Fraction C, 0.47 mg. The experimental results 
have been converted to activities per mg. of nitrogen for purposes of comparison. 


were run in Warburg vessels with KOH in the center well (9, 10), it was 
assumed that the carbamyl carbon of carbamylglutamate was being used 
in the synthesis of citrulline. Because of the above findings and also 
because of isotopic evidence (15), this view can no longer be supported. 
As will be discussed later, there is experimental evidence for a reaction 
between carbamylglutamate and carbon dioxide. On this basis it would 
appear that the reason for the superiority of carbamylglutamate in the 
apparently carbon dioxide-free systems is the greater affinity of carba- 
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mylglutamate for carbon dioxide in the enzymatic system. It thus ap- 
pears that the metabolic carbon dioxide produced in the experiments 
mentioned (9, 10) was not completely absorbed by the alkali of the center 
well, and was apparently used for the synthesis of citrulline via carbamyl- 
glutamate. 

Magnesium Ion Requirement—Magnesium ions appear to be essential 
for the synthesis of citrulline. Of interest is the very low level of mag- 
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Fig. 1. The effect of bicarbonate and magnesium ions. Final substrate concen- 
trations, carbamyl-t-glutamate, 5 X 10-3 M; L-ornithine, 5 X 10-?m; NH,Cl, 5 X 10-3 
mM; ATP, 3 X 10-3 m; phosphate buffer, pH 7.2, 5 X 10-3 m; MgSQu, 5 X 107? om for 
Curve 1, and for Curve 2 as indicated on the abscissa; NaHCOs, 5 X 10-* m for Curve 
2, and for Curve 1 as indicated on the abscissa. 1.29 mg. of nitrogen of enzyme 
Fraction B for experiments of Curve 1 and 0.66 mg. of nitrogen of the same fraction 
for experiments of Curve 2. Incubation, 40 minutes at 38°. 

Fic. 2. The effect of carbamyl-i-glutamate, ornithine, and ammonia. Final 
substrate concentrations, phosphate buffer, pH 7.2, 5 X 10-3 m; ATP, 3 X 10-3? m 
NaHCOs;, 5 X 107? m; MgSQ., 5 X 10-3 mM; carbamyl-1t-glutamate, 5 X 107? m for 
Curves 2 and 3, and for Curve 1 as indicated on the abscissa; L-ornithine, 5 X 10-3 mu 
for Curves 1 and 8, and for Curve 2 as indicated on the abscissa; NH,Cl, 5 X 10-3 m 
for Curves 1 and 2 and for Curve 3 as indicated on the abscissa. Enzyme Fraction B, 


; 1.19 mg. of nitrogen for experiments of Curve 1; 0.82 mg. of nitrogen, Curve 2; 0.68 


mg. of nitrogen, Curve 3. Incubation, 40 minutes at 38°. 


nesium ion saturation of the enzyme system, an optimum effect being 
obtained with 0.005 m MgSO, (see Fig. 1, Curve 2). Ina previous study 
(5), it was uncertain whether Mg** was required for the adenosinetri- 





phosphate (ATP) regenerating system or was directly associated with the 
synthetic system. It is clear from these experiments that the latter is 
the case. 

Carbamylglutamate Requirement—In Fig. 2, Curve 1, is indicated the 
requirement of the system for carbamylglutamate. 

Ornithine Requirement—There is no synthesis of citrulline in the ab- 
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sence of ornithine. In Fig. 2, Curve 2, can be seen the dependence of the 
reaction on this substrate. It should be noted that within certain limits 
there is a quantitative relationship between the amount of citrulline syn- 
thesized and the ornithine added. It is apparent that this highly specific 
reaction can be used as a quantitative micromethod for the estimation of 
ornithine. Substitution in the a-amino group of ornithine, e.g. carba- 
mylornithine, makes the amino acid no longer available for the reaction 
(see Table IT). 


TaBLeE II 
Citrulline Synthesis with Different Carbamyl Compounds 





Compound | Citrulline synthesis 





um per mg. N 


COS TOR TAG? [2 LCCC AE a ee i le" 0.07 
Carbamyl-pL-aspartic acid. ...................... 2. eee 0.08 
5-Propionic hydantoin.. Bas abalsan eis ata Me 0.03 
Phenylearbamyl-t- elutamate pete antl a lo, Sikes 0.05 


Garbamiyl-u-giutamine.......... 6.66 cece scan cuccieeanes 0.23 





ee 0.01 
Carbamyl-t-glutamate. . Sei eorce tach moat Charis ret eat a 1.98 
Carbamy]-t-alanine. . ieee 0.53 
Carbamy1-t- glutamate 4 a- -carbamyl- DL- ornithine* poarch 0.19 
Carbamyl-u-glutamate, ornithine, and carbamyl-pL-orni- 
TELL Ree re OR er oe EPR evett ht cutee ec teets 2.12 
Thiocarbamyl-t-glutamate. ... el 0.00 
s + carbamyl-1 L- _glutamate. Beton | 1.99 
WATDAMV IE Proline: <5..55.5-0, a acteneianen wees maegae em 0.01 
WAPDAMYIED=-PIMUAMAUC 2... ca es dew tas dare daslrneweaee | 0.02 





Substrate concentrations and experimental conditions were the same as those 
described in Fig. 3. Enzyme Preparation B was used containing 0.8 mg. of nitro- 
gen per test. 

*Replacing ornithine. 


Ammonia Requirement—Addition of ammonium ions is essential for the 
synthesis of citrulline. The purified enzyme preparation is saturated 
with ammonia only at rather high concentrations, as is shown in Fig. 2, 
Curve 3. Hydroxylamine, hydrazine, semicarbazide, and dimethylamine 
are unable to replace ammonia; methylamine partially substitutes for 
ammonia, yielding 40 per cent as much citrulline under the same condi- 
tions. Isotopic studies have revealed a total incorporation of ammonia 
into citrulline (15) and balance experiments indicate that 1 mole of am- 
monia is used per mole of citrulline synthesized. In a preceding paper, 
ammonia balance experiments (10) indicated that 1 mole of ammonia was 
used for every mole of citrulline synthesized in the presence of carbamy]- 
glutamate. 
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Effect of Incubation Time—Under the conditions shown in Fig. 3 the 
rate of citrulline synthesis is linear for almost 1 hour. Beyond 60 min- 
utes the rate falls off, due in all probability to enzyme inactivation, since 
all components of the reaction were present in marked excess. 
Specificity of Carbamylglutamic Acid Requirement—In Table II are listed 
the results obtained with different carbamyl compounds. In keeping 





with the results obtained with cruder enzyme preparations (10), car- 
bamylglutamate is highly specific for the reaction. Blocking of the car- 
bamyl NH. group results in complete loss of activity. Carbamylgluta- 
mine® is not active. Substitution of the oxygen of the carbamyl group by 


UM CITRULLINE 








J 
60 120 
TIME IN MINUTES 


Fig. 3. The effect of time on citrulline synthesis. Final substrate concentrations, 
L-ornithine, 2.5 X 10-3 ma; MgSOu, 5 X 10-3 m; ATP, 5 X 10-* m; NH,Cl, 5 X 107° ; 
potassium phosphate buffer, pH 7.2, 5 X 10-*m; NaHCOs, 5 X 10-3 M; and carbamyl- 
i-glutamate, 5 X 10-m. Enzyme Fraction B added, containing 1.0 mg. of nitrogen; 
incubation time as indicated; temperature 38°. 


sulfur results in complete loss of activity. That this loss is not due to an 
‘inhibitory effect by the thio group® may be seen by inspection of Table 
ll. The stereospecificity of the reaction is indicated from the inactivity 
of carbamyl-p-glutamate. 

However, in contrast with previous experiments with washed.residue 
(10), carbamylalanine shows appreciable activity. The basis for this ac- 
tivity is at present under investigation. 

Balance Study—A balance study was carried out with experimental 
conditions essentially those reported for the data of Fig. 3, except that 


16 um of ammonia and 10 um of carbamylglutamate were used. Analysis 


5 Glutamine as well as glutamic acid cannot be substituted for carbamylgluta- 
mate. 


6 Glutathione and cysteine, but not cystine, have a powerful inhibitory effect on 
the synthesis of citrulline when added to the enzyme Preparation B. 
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at the end of the experiment revealed that, while 4.9 um of citrulline had 
been synthesized, there was no significant decrease in the carbamylgluta- 
mate added. Analysis for glutamic and a-ketoglutaric acids showed no 
significant formation of these compounds. However, 4.7 um of ammonia 
were found to disappear during the incubation, indicating that 1 mole of 
ammonia is required for the synthesis of 1 mole of citrulline in this sys- 
tem. 

Enzymatic Synthesis of Carbamyl Group Precursor—In view of the evi- 
dence for the need for carbamylglutamate in the synthesis of citrulline, 
it seemed important at this point to be certain whether a carbamy! type 

Tas_eE III 
Enzymatic Synthesis of Carbamyl Group Precursor 











Citrulline synthesis 
uM 
AUNTIE U DISH BUEN ieis 26 onc csc /c OARS we Sa eee 0.41 
- Be See carck ty tues Suk ee Ue ape eee 0.49 
Novglutamate; Nolammonia: ....... 2.066666... ee. cece 0.02 
LP GNTSTG STS a a eT ar 0.08 
SEMANA aise eg oA R hd co Cis eters fac te hes sd lacs Mat, 0.06 








Washed rat liver residue (3.07 mg. of nitrogen per cup) was incubated with the 
following final concentrations of substrates in a final volume of 3.0 ml.: MgSO,, 
1 X 10-2 M; potassium fumarate, 1 X 10 m; phosphate buffer, pH 7.2, 1 < 10m; 
NaHCO;, 6.7 X 10-3 m; ATP, 1.7 X 10-3 M; glutamate, 1 X 10-2 m; NH,Cl, 5 x 10° 
M; and potassium ions to bring the medium to isotonicity. The system was incu- 
bated for 30 minutes at 38° in Warburg flasks. The reaction was stopped by heat- 
ing in boiling water for 1 minute, followed by cooling in ice. Then the vessels 
were completed with 10 um of L-ornithine, 15 um of ATP, and the enzyme Prepara- 
tion B containing 1.03 mg. of nitrogen. The control vessels during the incubation 
with the washed residue (ATP, ammonia, or ammonia plus glutamate excluded) 
were completed with these substrates at this point so that the experimental incu- 
bations were the same. Then the system was incubated for 40 additional minutes 
in a final volume of 4.0 ml. at 38°. 


compound is formed in fresh tissues. In order to do this, we have in- 
cubated active preparations of fresh rat liver washed residue with am- 
monia, carbon dioxide, and glutamate. After the incubation period the 
incubation mixtures were quickly heated to 100° for 1 minute and cooled 
in an ice bath. The mixtures were then completed with ornithine, an 
excess of ATP, and an excess of the enzyme Fraction B. The control 
samples (lacking ATP, ammonia, or ammonia plus glutamate) were com- 
pleted by the addition of the substrates which had been excluded during 
the previous incubation with the washed residue. All the mixtures were 
then incubated for an additional period, deproteinized, and analyzed for 
citrulline. In Table III it can be seen that there is a considerable syn- 
thesis of citrulline and that, if either glutamate, ammonia, or ATP is 
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excluded during the previous incubation of the washed residue, there is 
practically no synthesis of citrulline. 

Effect of Enzyme Concentration at Different ATP Levels—The formation 
of citrulline in the presence of the optimum concentration of substrates 
at three different levels of ATP and at varying dilutions of the enzyme 
preparation is shown in Fig. 4. These studies reveal a proportional in- 
crease in synthesis over a 10-fold range of enzyme concentration at high 
ATP levels. The reason for the high ATP requirement is not clearly 
understood since, if the concentration of the ATP is doubled from 1.5 x 
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Fig. 4. Effect of enzyme concentration at different ATP levels. The substrate 
concentration and experimental conditions were the same as those in the experiments 
of Fig. 3. Final molar ATP concentrations are indicated; incubation, 40 minutes. 

Fic. 5. The effect of ATP. Experimental conditions and substrate concentra- 
tions as described for Fig. 4, except that the amount of ATP was varied as indi- 


cated. Enzyme Preparation B containing 0.62 mg. of nitrogen was used in this ex- 


periment. 


10° m to 3.0 X 10-* M, there is not a parallel increase of the synthesis of 
citrulline at high enzyme concentration levels. 

ATP Requirement—High energy phosphate is utilized in the synthesis 
of citrulline by purified preparations. Contrary to the enzymatic system 
lescribed by Ratner and Pappas (6), no appreciable inhibition of the 
synthesis occurs with high concentrations of ATP. The effect of ATP 
concentration on citrulline synthesis is shown in Fig. 5. It should be 
borne in mind that the apparently high optimum concentration of ATP 
indicated in Fig. 5 is deceiving for stoichiometric considerations of the 
over-all synthesis of citrulline, since, under other experimental condi- 
tions such as prolonged incubation, a better yield of citrulline for a given 
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concentration of ATP is obtained. On the other hand, it is not simply 
a matter of concentration, since greater synthesis can be obtained with 
lower ATP concentrations in the presence of phosphoglyceric acid and 
muscle extract, as used by Ratner and Pappas (6), to regenerate ATP 
in the synthesis of arginine. There are two additional points worthy of 
mention. The first is that, although the purified enzyme Preparation B 
contains very little or no ATPase, there is a large inorganic phosphate 
discharge upon the addition of carbamylglutamate to the complete system 
in the absence of ornithine. This phosphate discharge indicates either the 
formation of a very labile phosphate intermediate which is formed from 
carbamylglutamate and ATP or that high energy phosphate is used for 
the synthesis of an intermediate of unknown nature required for the for- 
mation of citrulline. Evidence for the latter possibility is found in Table 
IV in which the results of inorganic phosphate balance studies are re- 
ported. As can be seen, if ammonia is excluded during the incubation of 
carbamylglutamate with the enzyme system, very little phosphate dis- 
charge occurs. These points will be further considered below. The sec- 
ond point which bears on the same question is the remarkable increase in 
citrulline synthesis by very small amounts of actively respiring pigeon 
liver preparations when they are combined with either acetone or ethanol 
fractions of rat liver residue. Neither boiled extracts of washed residues 
of pigeon liver’ nor any of the known cofactors, including coenzyme A, 
produces a similar effect. It is conceivable that fresh pigeon liver prep- 
arations catalyze the formation of the intermediate postulated above in 
the presence of carbamylglutamate. It is also possible that one of the 
enzymatic components is a limiting factor in the enzymatic synthesis of 
citrulline and that this component is present in pigeon liver. It should 
be stressed that there are several enzyme systems operating in the over- 
all synthesis of citrulline from ornithine. The activation of the system 


7It should be kept in mind that high concentrations of boiled extracts are in- 
hibitory, not only in the synthesis of citrulline but in many other reactions. There- 
fore it is necessary to test several concentrations of boiled extract before no effect is 
claimed. 

8 We are grateful to Dr. Lipmann for a sample of coenzyme A. The enzymatic 
system used in these studies can be made free of coenzyme A by absorption on a 
column of Dowex-1 without loss of activity. Samples of the same treated and non- 
treated enzyme preparations were assayed by Dr. H. Chantrenne in this laboratory 
to test for the removal of coenzyme A with the hippuric acid synthesis system, which 
is CoA-dependent (16). 

* Pigeon liver does not synthesize citrulline to any appreciable extent. Further- 
more pigeon liver does not support the synthesis of citrulline in the presence of the 
purified enzyme B if carbamylglutamate is replaced by glutamate. It must be con- 
cluded that carbamylglutamate cannot be synthesized in pigeon liver washed res- 
idues. 
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for the synthesis of citrulline by washed residues of pigeon liver is shown 
in Table V. 

Effect of Preincubation of Carbamylglutamate—Although the exact réle 
of carbamylglutamate in the synthesis of citrulline is not known, some 


Tass IV 
Inorganic Phosphate Formation during Incubation 


























R Initial ATP Inorganic phosphate Citrulli 
Experiment . —s : formed Suring por ve 4 Remarks 
uM uM BM 
1 5.0 1.50 0 Carbamylglutamate ex- 
cluded 
1 5.0 4.00 0 Ornithine excluded 
1 5.0 4.60 1.12 Complete system 
2 10.0 1.60 0 Carbamylglutamate ex- 
cluded 
2 10.0 1.83 0 Ammonia excluded 
2 10.0 4.25 0 Ornithine < 
2 10.0 5.03 1.47 Complete system 





The substrate concentration and experimental conditions were the same as in 
the experiments of Fig. 3, excepting that carbamyl-t-glutamate was used at the 
final concentration of 2.5 X 10-? m. Glycylglycine buffer at a final concentration 
of 1.5 X 10-2 m was substituted for phosphate buffer., 


TABLE V 





Activation of Citrulline Synthesis by Pigeon Liver Washed Residues 























Enzyme preparation Nitrogen N in pigeon liver residue added 
mg. mg. mg. mg. mg. 
None} 0.76 | 0.93 | 2.80 
Citrulline synthesized 
BM pM BM ; a % 
Acetone powder extract...................| 1.18 0.80 | 1.48 
$e EN OPO ere ree le 1.31 0.76 | 1.52 | 1.86 | 2.22 
MPRGUIONES ho coo el orm eee 0.62 1.20 | 1.35 











Final substrate concentrations were as described for Table I. Fumarate at 
|X 107? m concentration, as well as potassium ions to bring the medium to iso- 
tonicity, was used. Substitution of carbamyl-.-glutamate by glutamate does not 
result in appreciable synthesis of citrulline even in the presence of high concen- 
‘rations of washed pigeon liver residues. 


insight into this problem has been obtained by the experiments referred 
io above as well as by kinetic studies under a variety of conditions. If a 
purified enzyme preparation is preincubated in the absence of ornithine 
with the rest of the system necessary for the synthesis of citrulline, there 
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results an increase in citrulline synthesis when the system is completed 
with ornithine (Fig. 6). This effect is not demonstrable with any other 
combination of reactants. In fact, if Mgt* ions or ATP is excluded 
during the preincubation period, the enzyme deteriorates rather quickly, 
which is in sharp contrast to the relative stability of the enzyme in the 
presence of the reacting components. It is thus clear that the preincuba- 
tion of the enzyme system plus suitable substrates results in the forma- 
tion of a highly active intermediate. 


20 


so 7 


lO F 


‘*% 


UM CITRULLINE 


0S mn l 1 1 3 
0 15 30 845 60 
INCUBATION TIME PRIOR TO 
THE ADDITION OF ORNITHINE 


Fia. 6. The effect of preincubation of carbamyl-u-glutamate prior to the addition 
of ornithine. Enzyme and substrate concentrations were the same as those used in 
Fig. 3. The system was incubated for the time intervals indicated in the absence of 
ornithine; then 10 um of ornithine were added and the system incubated for 10 addi- 
tional minutes. The complete control system under the above experimental con- 
ditions synthesized 0.68 uM of citrulline in 10 minutes. 








DISCUSSION 


It is apparent from the present study that carbamylglutamate is an 
obligatory metabolite in the enzymatic conversion of ornithine to citrul- 
line with the partially purified enzyme system. However, the réle of 
carbamylglutamate in this reaction is not apparent. It is now clear from 
balance studies in the present report and isotopic studies in the succeeding 
report (15) that the carbon and nitrogen atoms of the carbamyl group of 
carbamylglutamate are not involved in a direct transcarbamylation reac- 
tion with ornithine as originally assumed (10). The demonstration that 
the carbon and nitrogen atoms of the carbamyl group of citrulline are 
derived from the carbon dioxide and ammonia in the incubation mixture 
(15) plus the requirement for carbamylglutamate in this system suggests 
that the latter compound fixes the ammonia and carbon dioxide to form 


as 
for 


wh 
ges 
hy} 
eitl 
cau 
rea 
is f 
be 

ban 
car’ 
ves 


for 
pou 
con 
glut 
and 
tion 
resi 
on : 
in t 
and 
mor 
is n 
mat 
diffe 


| witl 


if 
of d 
cata 
sine 
tam 
2. 


syst 


noe 
| 





XUM 


ted 
bher 
ded 
kly, 

the 
iba- 
ma- 


dition 
sed in 
nce of 
| addi- 
1 con- 


is an 
sitrul- 
ble of 
- from 
eding 
yup of 
| reac- 
n that 
ne are 
ixture 
iggests 


) form 





S. GRISOLIA AND P. P. COHEN 201 


a second carbamy] (or related) group which is transferred to ornithine to 
form citrulline. | 

The increase in inorganic phosphate observed in the experiments in 
which carbamylglutamate, ammonia, and carbon dioxide are present sug- 
gests that an intermediate phosphorylated derivative is involved. This 
hypothetical intermediate is assumed to discharge its phosphate group 
either in the course of the fixation of carbon dioxide and ammonia be- 
cause of the greater lability of the phosphate bond or in the course of the 
reaction with ornithine to form citrulline. Apparently no acylphosphate 
is formed, since no evidence for the formation of hydroxamic acid could 
be obtained. The possibility that a phosphorylated derivative of car- 
bamylglutamate is the active intermediate necessary for the fixation of 
carbon dioxide and ammonia appears likely and is at present being in- 
vestigated. 

The high degree of specificity of the partially purified enzyme system 
for carbamylglutamate necessitates the continued postulation of this com- 
pound as a component in the biosynthesis of citrulline. The fact that a 
compound behaving like carbamylglutamate can be found by incubating 
glutamate, carbon dioxide, ammonia, and ATP with washed liver residue, 
and which is active with the soluble enzyme preparations, gives addi- 
tional support to this hypothesis. It is of further interest that washed 
residue preparations from livers of rats on a biotin-deficient diet (17) or 
on a semisynthetic diet low in protein and riboflavin (18) are much lower 
in their activity for citrulline synthesis from glutamate, carbon dioxide, 
and ammonia than from carbamylglutamate, carbon dioxide, and am- 
monia. While the rédle of the dietary constituents in these experiments 
is not clear, it is evident that the enzymatic step which converts gluta- 
mate, carbon dioxide, and ammonia to the intermediate compound is 
different from the step concerned with the reaction of the intermediate 


| with ornithine to form citrulline. 


SUMMARY 


1. A soluble enzyme system has been prepared from rat liver by means 
of differential centrifugation and acetone and alcohol fractionation which 
catalyzes the synthesis of citrulline in the presence of ornithine, adeno- 
sinetriphosphate, Mgt*, NH3, COs, and carbamylglutamic acid. Glu- 
tamic acid will not replace carbamylglutamie acid in this system. 

2. Some properties, kinetics, and substrate specificity of the enzyme 
system are reported. 
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CARBON DIOXIDE AND AMMONIA FIXATION IN THE BIO- 
SYNTHESIS OF CITRULLINE* 


By SANTIAGO GRISOLIA, R. H. BURRIS, anp PHILIP P. COHEN 


(From the Laboratories of Physiological Chemistry and Biochemistry, University 
of Wisconsin, Madison, Wisconsin) 


(Received for publication, December 13, 1950) 


In the preceding paper (1) an enzyme preparation was described which 
catalyzed the synthesis of citrulline- from ornithine in the presence of 
adenosinetriphosphate (ATP), ammonia, magnesium and bicarbonate ions, 
and carbamylglutamate. Glutamic acid could not replace the latter com- 
pound. 

Balance studies have failed to provide satisfactory evidence for the 
rble of carbamylglutamate in this system. Therefore we have attempted 
to obtain more certain information as to the source of the carbamyl group 
of citrulline by the use of isotopically labeled compounds. Experiments 
were carried out with C'-labeled carbon dioxide, carbamylglutamic acid 
labeled with C in the carbamyl group, and with N'™-labeled ammonia. 

The experiments reported in this paper show clearly that carbamyl- 
glutamate does not participate in the synthesis of citrulline by the trans- 
fer of its carbamyl group to ornithine as previously postulated (2). It 
will be shown in the present paper that the carbamy] group of the citrul- 
line synthesized can be accounted for in terms of the free ammonia and 
bicarbonate ions added to the system. 





Procedures 


Analytical methods as well as enzymatic preparations have been de- 
scribed previously (1, 2). In all the experiments, the enzymatic Frac- 
tion B obtained by ethanol precipitation of extracts of acetone powder 
from rat liver residues was used. The enzymatic synthesis of urea from 
citrulline was carried out with the enzymatic preparation described by 
Ratner and Pappas (3). The ut forms of carbamylglutamic acid, or- 
nithine, and citrulline were used in the experiments as indicated. N*™® 
analysis was performed with a consolidated Nier mass spectrometer. 
Radioactivity was estimated by standard techniques. Carbamylglutamic 


* Supported in part by grants from the Wisconsin Alumni Research Foundation 
and the National Institutes of Health, United States Public Health Service. 
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acid labeled with C“ in the carbamyl group was synthesized by means of 


Reactions 1 to 3.! 
KC4N + S— KC*NS (1) 

KC#4NS + ZnO — ZnS + KC“NO (2) 

on COOH 
| 
CH: 
CH: + KC4NO — CH. (3) 
wi H—C—NH—C“—NH, 

COOH COOH O 


Ammonium chloride-N' was obtained by conversion of commercial am- 
monium nitrate containing 32 atom per cent N?® excess. 

In all experiments dealing with the fate of ammonia, large incubation 
volumes were used in order to facilitate chemical isolation. Smaller 
volumes were used when radioactive carbon was employed since it was 
possible in these experiments to use larger dilutions with non-isotopic 
material without affecting the analytical accuracy. 

In all cases colorimetric analyses were performed on small aliquots of 
the incubation mixtures after deproteinization with perchloric acid. The 
main part of the incubation mixture was deproteinized with trichloro- 
acetic acid, since deproteinization with perchloric acid results in pre- 
cipitation of insoluble perchlorates upon concentration, which are partic- 
ularly disturbing when carbamylglutamate is to be isolated. Aliquots of 
the clear supernatant fluid after centrifugation were conveniently diluted 
with non-isotopic citrulline or carbamylglutamate. In experiments in 
which isotopic ammonia was used the samples were freed of ammonia by 
steam distillation at an alkaline pH. When isotopic carbon dioxide was 
used, the experimental samples were freed of isotopic carbon dioxide by 
gassing the medium with non-isotopic carbon dioxide. 

Isolation of Citrulline—Citrulline was separated as the insoluble copper 


1 Carbamylglutamate was recrystallized to constant radioactivity. The specific 
activity was unchanged after conversion of the carbamylglutamate to 5-propionic 
hydantoin, which was recrystallized four times from water. Further, carbamyl- 
glutamate was degraded with acid potassium permanganate according to an unpub- 
lished method of Cohen and Koritz. The urea formed was decomposed with an excess 
of urease; the liberated carbon dioxide was then collected as BaCOs and its radio- 
activity determined. The specific activity of the BaCO; sample was of the same 
order as that of the carbamylglutamate. 

2 We wish to thank Dr. Heidelberger of the McArdle Memorial Laboratory, Uni- 
versity of Wisconsin, for his generosity in providing us with KC™N and for helpful 
discussion. 
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ns of | salt. In the first experiments the separation was carried out essentially 
by the scheme previously described (4). It has been found simpler and 
equally satisfactory to precipitate the amino acid with copper carbonate® 
at neutral pH, followed by conversion to the free amino acid by treatment 
(2) | with hydrogen sulfide and reconversion of the citrulline to the insoluble 
/ copper salt which has a characteristic melting point (5). The same amount 
of non-isotopic citrulline was added to both the control and experimental 
vessels and the citrulline was then isolated from both. By this procedure 
(3) the possibility of coprecipitation of other isotope-containing metabolites 
could be determined and corrected for. 

Isolation of Carbamylglutamate—This compound was separated from 
the incubation mixtures, after deproteinization and convenient dilution 
with non-isotopic carbamylglutamate, by conversion into the correspond- 
l am. | ng hydantoin. This was carried out by evaporation to near dryness on 
a hot-plate in the presence of 20 per cent hydrochloric acid (6). The 5- 
sation | Propionic acid hydantoin was recrystallized five times from water. Con- 
naller | ttol solutions were diluted with non-isotopic carbamylglutamate and fur- 
+ was | ther treated in the same manner as the experimental solutions. 


otopic Isolation of Urea 

ots of | Urea was isolated as the dixanthydrol urea, as previously described 
The (4). 

hloro- Results 

‘ As can be seen from Table I, Experiment 1, the enzymatic incubation 

wie of ornithine with N*-labeled ammonia and magnesium and bicarbonate 

ned ‘ ios in the presence of ATP and carbamylglutamate results in the in- 

us“ | corporation of the ammonia into the carbamyl group of citrulline. The 

he magnitude of the incorporation is such that it must be concluded that 

“a et ammonia is fixed without exchange with or replacement of the carbamyl 

- re group nitrogen of carbamylglutamate. If exchange had taken place un- 

ide by 


der the experimental conditions used, the citrulline isolated would have 
contained a lower N' concentration. Experiments 2 to 4, Table I, were 
conducted in order to ascertain whether or not the N*® fixation in citrul- 
specific | line could be accounted for in terms of either a direct exchange reaction 
opioni¢ | between citrulline and free ammonia or indirectly by way of carbamy]l- 
pan glutamate. From the results of Experiments 2 and 3 shown in Table I, 
y excess | #8 seen that incubation of the enzymatic system in the absence of ATP 
; radio- | With isotopic ammonia in the presence of either carbamylglutamate or 
1e same | citrulline does not result in appreciable incorporation of the N'°*-nitrogen 


copper 


-y, Uni- ’ Since copper carbonate is insoluble, the precipitation of the copper citrullinate 
helpful | °°mplex was carried out with slightly less than the theoretical amount required for 
total precipitation of the amino acid present. 
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in either of the compounds. Nevertheless, in the presence of ATP there 
is an extensive exchange between N'-labeled ammonia and the carbamy] 
group nitrogen of citrulline, although carbamylglutamate itself picks up 








very little N'® (Experiment 4, Table I). It must thus be concluded that 
TaBLe I ‘ 
Ammonia Exchange and Fixation during Citrulline Synthesis 
Oheceved N® concen- 
: con. {tration cor-| NHs 
— Compound isolated Bh rected for Pie A Remarks 
atom atom 
per cent per cent per cent 
excess excess 
1 Citrulline 0.500 25.50 79.6 | Complete system 
2 ee 0.024 2.34 7.38 | ATP and ornithine ex- 
cluded; citrulline 
added 
3 5-Propionic acid-hy-| 0.020 0.80 2.5 | ATP and ornithine ex- 
dantoin cluded 
4 Citrulline 0.210 14.16 43.8 | Ornithine excluded; 
citrulline added 
5-Propionic acid-hy-| 0.007 0.73 2.3 = . 
dantoin 
5 | Citrulline 0.607 28.20 88.0 | Complete system 
6 “f 0.187 3.94 12.3 | Ornithine excluded; 
citrulline added 




















Final substrate concentrations, MgSO., 5 X 107? m; phosphate buffer, pH 7.2, 
1 X 10°? mM; NaHCOs, 6 X 10-3 m; NH,Cl (containing 32 atom per cent N!* excess), 
2.5 X 10-3? m; ATP (no ATP was used in Experiments 2 and 3), 3 X 107? y; 
carbamyl-t-glutamate, 1.8 X 10-* m; L-ornithine in Experiment 1 (which resulted 
in a synthesis of 100 uM of citrulline), 1 X 10-? m; L-ornithine in Experiment 
5 (which resulted in a synthesis of 98 um of citrulline), 2 X 10-?m. In Experiments 
2, 4, and 6, -citrulline, 1 X 10-? mM, was used. Each incubation mixture contained 
in addition to the above components 150 mg. of purified enzyme Preparation B. 
Final volume, 100.0 ml.; gas phase, air at 38°. Incubation time, 9 hours for Ex- 
periments 1 to 4; 1 hour for Experiments 5 and 6. 


neither the exchange reaction nor the over-all synthesis occurs through 
direct participation of the carbamyl] group nitrogen of carbamylglutamate. 

Since the above experiments were conducted under long incubation 
periods in order to determine the extent of exchange reaction, it seemed 
desirable to obtain additional information under conditions which would 
not permit an extensive exchange. This was done by shortening the in- 
cubation time and by using an excess of substrate (ornithine). 

The results of the control experiments, shown in Experiment 6, Table 
I, indicate that only a small exchange has occurred between N'°H; and 
citrulline. On the other hand, it can be seen from the data given in 
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there | Experiment 5, Table I, that almost quantitative incorporation of the 
amyl | labeled N*-ammonia into citrulline has taken place. That the incorpo- 
<S up | ration of ammonia occurs exclusively in the carbamyl group nitrogen of 
that | citrulline is clearly seen from the per cent incorporation values shown in 
Experiments 1 and 5, Table I. Additional evidence for this was obtained 
by converting a sample of the citrulline, isolated in Experiment 1, Table 
—_— | I, to urea by the system described by Ratner and Pappas (3). 

Urea was isolated as the dixanthydrol derivative and found to contain 
0.794 per cent N'® excess. This figure, corrected for dilution, as well as 























TaBLe II 
Carbon Dioxide Fixation during Citrulline Synthesis 
| Specific activity of isolated compounds 
ne eXx- Experiment No. Compound isolated 
1e Controls Experimental 
C.p.m. per uM c.p.m. per pM 
ne eXx- 
1 Carbon dioxide 2750 2750 
a: Citrulline 2 2790 
| : 5-Propionic acid hydantoin 0 3 
2 es s “ 392 392 
Citrulline 0 0 
id Final substrate concentrations, MgSO., 5 X 10-3 m; phosphate buffer, pH 7:2, 


1X 10-? mM; NaHCO; (in Experiment 1 the bicarbonate ions contained C" of spec- 
____ | ifie activity, as indicated), 1 X 10-? m; NH,Cl, 5 X 10°? m; ATP, 5 X 10° M; 
H 7.2, carbamyl-t-glutamate, 5 X 107? m (in Experiment 2, C'‘-labeled carbamy]l-.- 
xcess), glutamate was used, the specific activity of which is indicated in Table II); t- 
0-3 Mu: ornithine (the control experiments were without ornithine), 5 X 10-? M; 27 mg. of 
sulted | Durified enzyme Preparation B were used in each experiment. Final volume, 
riment | 0 ml.; temperature 38°; gas phase, air; time of incubation, 78 minutes. Under 
‘ments | these conditions the system synthesized about 12 uM of citrulline. In Experiments 
tained | | and 2, no citrulline synthesis was detectable in the control vessels. 

ae nitrogen atoms present in urea, gave a corrected figure of 27.6 per cent 
(0.794 X 17 X 2 = 27.6), which is 84.5 per cent of the starting N' con- 


centration of the free ammonia and practically the same value as that 


rough | caleulated from the analysis of the isolated citrulline in the same experi- 
mate. | ment. If citrulline had contained significant amounts of the N!® incorpo- 
ation | rated during the synthetic reaction in any other nitrogen atom but that 
emed | of the carbamyl group, a large dilution would have been observed in the 
would isolated urea, as a result of the transimination reaction of citrulline with 
he i- | aspartic acid. 

From Experiment 1, Table II, it is clear that incubation of C*-labeled 
Table | dium bicarbonate with ammonia and Magnesium ions in the presence 
Is and of ornithine, ATP, carbamylglutamate, and the enzyme system, results 
yen in | 


in a total incorporation of the carbon dioxide into citrulline, as indicated 
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from the specific activity of the isolated citrulline. The control incuba- 
tion mixture, carried out under the same conditions as were used with the 
experimental vessels but in the absence of ornithine (under which condi- 
tion no citrulline synthesis occurs), was treated with the same amount of 
non-isotopic citrulline as was used for dilution purposes in the experi- 
mental vessel, followed by isolation under similar conditions. No activity 
could be detected in the isolated amino acid, indicating that no contamina- 
tion with other radioactive material occurred during the isolation proce- 
dure. 

Carbamylglutamate was isolated as 5-propionic acid hydantoin from 
both experimental and control incubation mixtures, as described above, 
No radioactivity was detectable in the control experiments and such low 
activity was found in the samples from the experimental vessels that it 
must be concluded that carbamylglutamate does not exchange the carbon 
of its carbamyl group with the bicarbonate present in the medium. 

In Experiment 2, Table II, similar experiments are recorded with the 
exception that non-isotopic carbon dioxide was substituted for the isotopic 
bicarbonate and carbamylglutamate labeled with C" in the carbamyl group 
was used. As shown in Table II, no radioactivity could be detected in 
the isolated citrulline from both experimental and control incubation 
mixtures. A further indication of the lack of exchange of the carbamy] 
group carbon in carbamylglutamate has been obtained by incubating 
C-labeled carbamylglutamate with rat liver washed residue preparation 
by using the experimental conditions previously described (2). The car- 
bon dioxide present was collected in KOH, converted to BaCOs, and as- 
sayed for radioactivity. No radioactivity could be detected. 


DISCUSSION 


On the basis of the isotopic studies reported in this paper, the over-all 
reaction leading to the synthesis of citrulline from ornithine can be for- 
mulated as in the accompanying structure. 








NH. 
NH2 C¥O 
CH, NH 
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While the over-all formulation is essentially that proposed by Krebs 
and Henseleit (7), it fails to provide information as to the nature of the 
intermediates. Since there is theoretical as well as experimental objec- 
tion to assuming a direct carboxylation of the 6-amino group of ornithine 
(2), one must assume that the primary fixation of carbon dioxide takes 
place with another constituent of the system. The evidence that glu- 
tamic acid acts as the primary COs: acceptor has been presented previ- 
ously from studies with washed liver residue preparations (2). However, 
still to be accounted for is the almost specific requirement for carbamyl- 
glutamate with the soluble enzyme used in the present studies. Glutamic 
acid cannot replace carbamylglutamic acid in this system. One is thus 
foreed to conclude that carbamylglutamate or a closely related compound 
is more directly concerned with the fixation of carbon dioxide and NH; 
leading to citrulline synthesis. The possible réle of a phosphorylated 
derivative of carbamylglutamate has been discussed in the preceding 
paper (1). 

In accordance with the present findings, citrulline seems to be syn- 
thesized by a chain of reactions in which a carbamyl type of compound is 
formed. ‘The following series of reactions has been postulated to account 
for the findings to date. 


(1) COz + NH; + glutamate 7p? carbamylglutamate 

(2) Carbamylglutamate + ATP — carbamylglutamate ~ P + ADP 
(3) Carbamylglutamate ~ P + NH; + CO: — intermediate 

(4) Intermediate + ornithine — citrulline + carbamylglutamate 





(5) 2COz + 2NH; + glutamate + ornithine ATP, citrulline + carbamylglutamate 
SUMMARY 


Studies with NH3, C“O., and C-labeled carbamylglutamic acid re- 
vealed that the carbon and nitrogen of the carbamyl] group of the citrulline 
synthesized by a soluble enzyme system were derived from the NH; and 
CO. added to the medium. Neither the carbon nor nitrogen of the car- 
tamyl group of carbamylglutamic acid appeared in the carbamyl group 
f citrulline. 
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GROWTH RESPONSE OF THE RAT TO THE KETO ANALOGUES 
OF LEUCINE AND ISOLEUCINE 


By ALTON MEISTER anp JULIUS WHITE 


(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 


(Received for publication, February 7, 1951) 


The keto analogues of histidine (1), tryptophan (2), methionine (8), 
phenylalanine (4), and valine (5) have been found to support the growth 
of rats on diets deficient in the corresponding amino acids. It has been 
stated (6, 7) that the keto analogues of leucine and isoleucine are capable 
of supporting growth of rats in the absence of the respective amino acids, 
although experimental data in support of this conclusion have apparently 
not been published. 

In the present study, both d-a-keto-8-methylvaleric acid (the keto ana- 
- logue of L-isoleucine and p-alloisoleucine) and l-a-keto-8-methylvaleric acid 
(the keto analogue of t-alloisoleucine and p-isoleucine) have been tested 
for ability to support growth in the absence of L-isoleucine. A growth 
response to the l-keto acid isomer was not anticipated, inasmuch as the 
corresponding isoleucine analogues do not support growth (8). However, 
to our surprise this keto acid produced growth, although at a slower rate 
than its d enantiomorph or L-isoleucine. Experiments are also described 
on the utilization of a-ketoisocaproic, a-ketoisovaleric, and phenylpyruvic 
acids. 


EXPERIMENTAL 


Sprague-Dawley and Osborne-Mendel rats between 25 and 34 days of 
age were used. Litter mates of both sexes were employed in each experi- 
ment. The animals were maintained in individual cages and given 6 gm. of 
the diet each day and water ad libitum. The body weights and the quan- 
tity of unconsumed food were recorded daily. The composition of the 
complete diet, which was similar to that of Rose, Oesterling, and Womack 
(9) with the exception of the vitamin supplements, is given in Table I. 
The amino acid corresponding to the keto acid being studied was omitted 
from the diet, and the sodium salt of the keto acid was added in a molar 
equivalent amount, except in the case of sodium a-ketoisovalerate, in which 
case one-half of the equivalent of the pi-valine given in the diet was added. 
Sulfasuxidine (succinylsulfathiazole) was included in the diet at a concen- 
tration of 1 per cent in certain experiments. 

Sodium a-ketoisovalerate (11), sodium d-a-keto-8-methylvalerate (12), 
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and sodium l-a-keto-6-methylvalerate (12) were prepared and character- 
ized as described.!. Sodium a-ketoisocaproate was obtained by the action 
of p-amino acid oxidase on pL-leucine by the same procedure employed for 
the a-keto-8-methylvaleric acids. Phenylpyruvic acid (13) was converted 
to the sodium salt by treatment with sodium bicarbonate and subsequent 
precipitation with acetone. The L-isoleucine was prepared in this labo- 
ratory (8). 

















TaBLe I 
Composition of Diet 
gm. gm. 
pu-Methionine 8.0 | Sodium bicarbonate 13.0 
pui-Threonine 10.5 | Sucrose 196.0 
L-Histidine 9.5 | Salts* 40.0 
L-Tryptophan 4.0 | Agar 20.0 
Glycine 1.0 | Glucose 470.5 
pu-Alanine 4.0 | Inositol 1.0 
DL-Serine 2.0 | Choline chloride 1.0 
L-Cystine 2.0 | Crisco 100.0 
L-Tyrosine 6.0 | Mazola oil 20.0 
L-Proline 2.0 | a-Tocopherol 0.5 
Hydroxy-t-proline 1.0 mg 
L-Aspartic acid 2.0 | Thiamine hydrochloride 5 
u-Glutamic ‘“‘ 20.0 | Riboflavin 10 
L-Arginine 5.0 | Pyridoxine hydrochloride 5 
L-Lysine 15.0 | Calcium pantothenate 5 
L-Phenylalanine 8.0 | Nicotinamide 10 
pu-Valine 20.0 | »-Aminobenzoic acid 300 
L-Leucine 10.0 | Biotin 1 
L- Isoleucine 8.0 | 2-Methyl-1,4-naphthoquinone 2 
a Folic acid 5 _ 
RNIN pt a OA ey US ea ey Owe D ira Re ches Dee be wes cba maia sali 1000 .343 gm. 





* Hubbell et al. (10). 


RESULTS AND DISCUSSION 


Keto Analogues of Isoleucine—The growth response of rats to d- and I- 
a-keto-8-methylvaleric acids is described in Table II. The d isomer of 
the keto acid promoted growth on a diet deficient in isoleucine, and the re- 
sponse to this keto acid was approximately the same as that observed with 
L-isoleucine. On the other hand, the response to l-a-keto-6-methylvaleric 
acid was significantly less than that of its d enantiomorph or that to L- 


isoleucine. All of the animals fed d-a-keto-8-methylvalerate gained weight 


1The specific rotations of the sodium salts of d- and l-a-keto-8-methylvaleric 
acids were +32.6° and —32.6°, respectively (1 per cent aqueous solutions). 
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at a rate greater than 1 gm. per day. Of the twenty-two animals which 
received rations supplemented with la-keto-8-methylvalerate, eighteen 
gained weight during the experimental period. Two rats lost an average 
of 0.1 gm. per day (Experiments 4 and 6) and two rats lost, respectively, 


TABLE II 
Growth Response of Rats to d- and l-a-Keto-8-methylvaleric Acids 














se a Supplement — No. of days | No. of rats Anes ee 
gm. per day 

1 None —1.64 11 5* 103 
d-Keto acid +1.30 7 
None —0.80 3 
Isoleucine +1.29 6 

2t None —1.39 6 6* 74 
d-Keto acid +1.70 6 
None —1.56 8 
Isoleucine +1.78 9 

3 None —1.80 10 6t 98 
1-Keto acid | +0.74 7 
None | —1.02 4 

4 ce —1.86 o 4* 91 
l-Keto acid +0.04 7 
None —1.33 7 
Isoleucine +1.94 8 

5 None —2.53 7 4t 76 
l-Keto acid +0.63 6 
None —1.28 9 
Isoleucine +1.75 6 

6t None —1.08 6 4* 70 
l-Keto acid +0.25 6 
Isoleucine +1.55 4 

at None —2.42 7 4t 85 
l-Keto acid +0. 54 6 
| None —0.86 9 
| Isoleucine +1.83 6 














* Sprague-Dawley. 
71 per cent sulfasuxidine added. 
t Osborne-Mendel. 





0.3 gm. (Experiment 6) and 0.6 gm. (Experiment 4) per day. These four 
lost an average of 1 gm. per day when the keto acid supplement was with- 
drawn. Rats which received rations supplemented with L-isoleucine or its 
keto analogue consumed the entire daily ration of 6 gm., while those fed 
the deficient diet consumed between 4 and 5 gm. of food per day.2. The 


* Forced feeding of the 6 gm. ration by stomach tube did not affect the weight 
change. 
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food intake of the animals which received l-a-keto-6-methylvalerate was 52 
to 6 gm. 

Although the reason for the variable growth response* to [-a-keto-f- 
methylvalerate is not apparent, the data indicate that this keto acid jis 
capable of promoting some growth in the absence of isoleucine. This is of 
considerable interest in view of the finding of Greenstein, Levintow, Baker, 
and White (8) that, of the four isomers of isoleucine, only L-isoleucine 
supported growth of rats. Although the effect of d-a-keto-8-methylvaler- 
ate may be attributed to amination of the keto acid to the natural form of 
isoleucine, amination of l-a-keto-8-methylvaleric acid would yield t-allo- 
isoleucine or D-isoleucine, neither of which can be utilized for growth. 
Enolization of either enantiomorph of a-keto-6-methylvaleric acid would 
lead to loss of optical activity, and reversal of the enolization would yield 
a racemic keto acid. It was previously reported (12) that optically active 
a-keto-8-methylvaleric acids are not racemized at appreciable rates in 0.1M 
buffers of pH 3 to pH 8.4 and that racemization occurred relatively 
slowly at pH 8.4 to 9.38. The rate of racemization increased rapidly with 
higher concentrations of alkali. The growth effect of l-o-keto-8-methyl- 
valerate might be explained in terms of a partial conversion of this keto 
acid to the d isomer. The mechanism of such a racemization remains to 
be investigated. 

Keto Analogues of Leucine, Valine, and Phenylalanine—The results of 
studies with a-ketoisocaproic, a-ketoisovaleric, and phenylpyruvic acids are 
given in Table III. A considerable loss of weight occurred with each of 
the deficient diets; animals receiving the deficient rations consumed be- 
tween 4 and 5 gm. of the diet per day. Prompt responses to the a-keto 
acids occurred, except in the case of sodium phenylpyruvate, in which 
gain of weight was not apparent for a period of 4 days. In each case, the 
average daily weight gain was approximately the same with the keto acid 
as with the corresponding amino acid. Rats receiving the complete diet 
or diets supplemented with these a-keto acids consumed the entire daily 
ration of 6 gm., except for the animals fed the diet containing phenyl- 
pyruvate in which the average daily food intake was 4.5 gm. for the first 4 
days. The explanation for the delayed response to sodium phenylpyru- 
vate is not apparent. These findings are in general agreement with those 
of Bubl and Butts (4), who observed a delay of 8 to 10 days in growth re- 
sponse to phenylpyruvic acid. 

Effect of Sulfasuxidine—It is possible that the growth effects observed 


* Although Sprague-Dawley rats appeared to gain less weight than did Osborne- 
Mendel rats, it would be necessary to study a larger group of animals of each type 
to evaluate the possibility of a stock difference in the response to |-«-keto-8-methyl- 
valeric acid, 
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1g 52} with keto acids are due, at least in part, to amination of the keto acids by 
the microorganisms of the intestinal flora. Certain bacteria (including 
to-g- | strains of Escherichia colt and Lactobacillus arabinosus) have been shown to 
sid is | catalyze a wide variety of transamination reactions (14, 15). Furthermore 
































18 of Tase III 
aker, Growth Response of Rats to Several a-Keto Acids 
S| a | 
valer- Amino acid omitted Supplement ‘weight i = - “ital 
rm of | ange | weig 
-allo- gm. per day gm. 
owth. | Leucine...........| None —0.73 11 8* 71 
vould a-Ketoisocaproate +1.25 8 
yield None —0.83 6 
‘i Leucine +1.00 7 
olive Leucinef.......... None —2.75 6 4* 75 
0.1M a-Ketoisocaproate +1.50 7 
tively None —1.14 7 
with Leucine +1.58 6 
thyl- | Valine............ None —1.08 12 6t 61 
| ket a-Ketoisovalerate +2.14 7 
thse None -0.75 | 11 
Ins to Valine +1.73 6 
ale Enea ees ene None —1.50 6 7t 92 
Its of a-Ketoisovalerate +1.57 {. 
None —1.26 8 
’ we Valine | +1.56 9 
C0 O' | Phenylalanine....| | None | —0.75 12 7t 75 
d_be- |  Phenylpyruvate +1.22 14 
.-keto None —0.57 14 
which Phenylalanine +1.71 7 
ee “ f....| None 0.84 | 6 | 7 | 6 
ee i |  Phenylpyruvate +1.29 7 | 
ae None 0.45 | 9 | 
e diet Phenylalanine +1.14 4 | | 
daily | - 
nenyl- * Osborne-Mendel. 


Geen 4 | + 1 per cent sulfasuxidine added. 


t Sprague-Dawley. 
[pyru- 


those | L. arabinosus cells have been found to utilize both d- and l-a-keto-8-meth- 
+h re- | Ylvaleric acids for growth, and it appears possible that this organism may 
possess a mechanism for the conversion of the l isomer to the d isomer 
served | of this keto acid (15). In an attempt to obtain information on the réle 

of the intestinal microorganisms in the growth response to keto acids, 
rape sulfasuxidine was added to the diet. The results given in Tables It and 
nethyl- Ill indicate that, under the conditions employed, administration of the 
| sulfonamide did not abolish the growth effects of the several keto acids 
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studied. The sulfonamide had no effect on the delayed response to pheny!- 
pyruvate described above. Rose and Smith (16) concluded that the in- 


clusion in the food of sulfasuxidine had no significant effect on the growth | 
of rats which received a diet containing nineteen amino acids. These | 


workers noted a slight decrease in the rate of growth of rats fed a diet con- 
taining sulfasuxidine and the ten essential amino acids in moderate excess. 
The present results suggest that the microorganisms affected by the admin- 


(F1 





istered sulfonamide (the coliform and lactobacillus group (17)) do not play | 


an important réle in the growth response to the keto acids studied. How- 
ever, it is probable that experiments with germ-free animals will be neces- 
sary to provide unequivocal evidence concerning the possible participation 
of the intestinal flora, 


SUMMARY 


1. The keto analogue of L-isoleucine (d-a-keto-8-methylvaleric acid) sup- 
ported the growth of rats on a diet deficient in isoleucine. 

2. The keto analogue of -alloisoleucine (l-a-keto-8-methylvaleric acid) 
also supported growth, although at a slower rate than its d enantiomorph 
or L-isoleucine. 

3. a-Ketoisocaproic, a-ketoisovaleric, and phenylpyruvic acids promoted 
the growth of rats on diets deficient in the corresponding amino acids. 

4. The administration of sulfasuxidine at a concentration of 1 per cent 
in the diet did not abolish the growth effects of any of the keto acids 
studied. 
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METABOLISM OF THE NITROFURANS 
II. INCUBATION OF FURACIN WITH MAMMALIAN TISSUES 


By R. C. BENDER anp H. E. PAUL 


(From the Division of Biology, Eaton Laboratories, Inc., Norwich, New York) 
(Received for publication, February 8, 1951) 


Furacin! (5-nitro-2-furaldehyde semicarbazone) is an antibacterial agent 
effective against both Gram-negative and Gram-positive organisms (1-3). 
It has also been studied extensively, along with other nitrofurans, to de- 
termine its fate during metabolism in the body (4, 5). Certain of these 
nitrofurans having chemotherapeutic activity partially withstand meta- 
bolic breakdown_in the body and are excreted in the urine (4). To extend 
further the metabolic studies on the nitrofurans, information was sought 
on the site and mechanism of breakdown of Furacin in the body. Pre- 
liminary incubation studies on Furacin with various body tissues are 
reported in this paper. The studies on intestinal tissue received emphasis 
because of their significance in connection with concurrent work on the 
Furacin-xanthine oxidase system (6). 


EXPERIMENTAL 


_All tissues studied were from normal, adult, albino rats. The animals 
were fasted overnight but had free access to water. Previous to the fast 
they received the uniform colony diet. All tissues were removed as rap- 
idly as possible after the animals were killed and kept chilled until added 
to the medium for incubation. The contents of the small intestines were 
milked out and pooled, aliquots being subsequently measured by volume. 
Aliquots from the other tissues, including intestinal mucosa, were weighed. 
These tissues were cut by scissors into thin sections after excess blood 
was removed. 

For most tests 1 or 2 gm. each of the various tissues were transferred to 
15 ml. centrifuge tubes. Furacin in physiological saline solution was 


| added in the ratio of 1 ml. per gm. of tissue. Concentrations of Furacin 


ranged from 84 to 210 mg. per liter. Tissues in physiological saline alone 
served as controls. In certain experiments m/30 phosphate buffer of pH 
7.2 replaced the physiological saline solution. The tubes were warmed 
quickly in a water bath to 37° and kept at this temperature with vigorous 
shaking at 5 minute intervals for the period of incubation, which ranged 
from 20 minutes to 3 hours. 


1 Brand of nitrofurazone, “New and nonofficial remedies.” 
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After the incubation period each sample was centrifuged and an aliquot 
of the supernatant liquid was added immediately to twice its volume of 
95 per cent ethyl alcohol and recentrifuged. The concentration of Fura- 
cin in the resulting clear solutions was estimated spectrophotometrically 
by the following formula. 


optical density X dilution X 10 
a s . 


1cm. 





Mg. Furacin per ml. = 


The E,%, value for Furacin at its peak of 371 my is 800 in 63 per cent ethyl 
alcohol. Uric acid was estimated spectrophotometrically in certain in- 
stances. Chemical determinations of uric acid were also made by the 
method of Folin (7). 


Results 


Results obtained when a Furacin solution was incubated for a pro- 
longed period in the presence of an equal volume of intestinal contents 
are presented in Fig. 1. It will be noted that the Furacin absorption 
maximum disappeared during incubation and that a new absorption peak 
near 290 my appeared. Since the contents of the small intestines of 
fasted rats were rather meager in amount, intestinal mucosa was tried 
and found to produce quite similar results. The effect of time upon the 
spectral characteristics of a solution of Furacin incubated with intestinal 
mucosa is illustrated in Fig. 2. Each curve represents the spectral ab- 
sorption of Furacin or end-products obtained during incubation after cor- 
rection for suitable controls. It is to be observed that with a loss of 
Furacin an increase of material with an absorption maximum at 335 mu 
and a marked increase of material with an absorption maximum at 292 
my occurred. That these two maxima were not due to a single sub- 
stance is indicated by the later disappearance of the maximum at 335 
my, accompanied by an increase in the peak at 292 mu. We have tenta- 
tively called the material absorbing at 335 mu “reduced Furacin”’ since it 
appears as a result of many chemical reducing actions, such as that of 
sodium hydrosulfite or catalytic reduction by Raney’s nickel.? Since it 
is relatively unstable, we have not been able to isolate it for identifica- 
tion. 

Although Austin? had observed the formation of two substances by 
catalytic reduction having absorption maxima at 335 my and 270 mu, a 
substance with an absorption maximum at 292 my had not been observed 
as an end-product of chemical reduction of Furacin. Since a consider- 
able amount of the 292 my material was indicated in our experiment, the 
question arose whether it was a breakdown end-product of Furacin or a 


2 Austin, F. L., to be published. 
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Fic. 1. Spectral absorption curve of Furacin after incubation with contents of 
the small intestine for 3 hours at 37°. 1 part of intestinal contents plus 1 part of 
0.9 per cent NaCl containing 167 mg. of Furacin per liter. Diluted after incuba- 
tion with 2 volumes of alcohol. Corrected for control without Furacin. Curve 1, 
Furacin plus intestinal contents after incubation; Curve 2, Furacin reference curve. 
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Fic. 2. Spectral absorption curves of materials produced by incubation of Furacin 
with mucosa from the small intestine for varying intervals at 37°. 1 part of mucosa 


with 3 parts-of 0.9 per cent NaCl containing 111 mg. of Furacin per liter was incu- 
bated, and an aliquot of the liquid was mixed with 2 volumes of alcohol. Each curve 
has been corrected for a control tissue digestion without Furacin. Curve 1, incuba- 
tion time 20 minutes; Curve 2, incubation time 60 minutes; Curve 3, incubation time 
120 minutes; Curve 4, Furacin reference curve. 


| normal tissue metabolite. The principal metabolite having an absorp- 


tion maximum in this region is uric acid, with a peak at 292 mu. 
Since the absorption maximum of the material observed here was iden- 
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tical with that of uric acid, and since Bueding and Jolliffe (8) have shown 
the effectiveness of the xanthine oxidase system in the reduction of other 
nitro compounds, studies were conducted which would confirm or eliminate 
the possibility of uric acid being the material here observed. 

The end-products from Furacin incubation with intestinal mucosa were 
treated with uricase. The spectral absorption curves of the material 
before and after uricase treatment are shown in Fig. 3, in which the dif- 
ference curve indicates that uric acid was removed by the specific action 
of uricase. 

Kstimations of the amount of uric acid present in these various incuba- 
tions were made by calculation from the physical data. The Z,'%, value 
for uric acid at 290 my is 715. In the spectral assay for uric acid a certain 
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Fic. 3. Spectral absorption curves resulting when a Furacin solution incubated 
with intestinal mucosa was subsequently incubated with and without uricase. All 
incubations were carried out in M/30 phosphate buffer of pH 7.2 at 37° for 1 hour. 
Curve 1, digestion mixture after incubation with uricase; Curve 2, as above, except 
no uricase; Curve 8, difference curve, indicating that uric acid is removed by uricase. 


amount of irrelevant absorption is encountered at these lower wave- 
lengths. However, this may be corrected by subtraction of control values 
to permit the measurement by difference of increased uric acid produc- 
tion. These results, summarized in Table I, are compared with data 
obtained on the same samples by chemical analysis (7) before and after 
uricase treatment. 

These results show that, while uric acid is formed by the incubation 
of intestinal mucosa without Furacin, the presence of Furacin results in 
increased uric acid formation. These data indicate that the material 
with the spectral absorption peak in the 290 my region is not a Furacin 
end-product but is uric acid. 

Furacin was incubated with kidney, liver, lung, heart, spleen, brain, 
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and skeletal muscle. As illustrated in Figs. 4 and 5, all such incubations | 


led to a disappearance of Furacin. An absorption curve for Furacil 
itself has been included in Fig. 4 for comparison. Concurrent with loss 
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TABLE | 
Uric Acid Removed from Mucosa-Furacin and Mucosa-Control Digestion Miziures 
by Uricase in'M/30 Phosphate Buffer at pH 7.2 after 1 Hour at 87° 


The values, in mg. per liter, represent the difference between the amount of uric 
acid in the sample before and after digestion with uricase. 





Physical assay* | Chemical assayt 








Mucosa-Furacin digestion mixture.................... 430 | 271 

Mucosa-control digestion mixture...................4. 367 | 193 

Increased uric acid production arising from Furacin 
Pe TET eee Cr en fot 63 | 78 








* Calculated from spectrophotometric results by the method of Paul et al. (4). 
+ Obtained by the method of Folin (7). 





OPTICAL DENSITY 














l l l 222 
30350370390 410 
AVELENGTH-MU 


Fic. 4. Spectral absorption curves of materials produced by incubation of Furacin 
with various tissues at 37° for 2} to 3 hours. 1 part of tissue plus 1 part of 0.9 per 
cent NaCl containing 210 mg. of Furacin per liter was incubated, and an aliquot 
of the liquid was mixed with 9 volumes of alcohol. Each curve has been corrected 
for a control tissue digestion without Furacin. Curve 1, liver incubation; Curve 
2, spleen incubation; Curve 3, kidney incubation; Curve 4, Furacin reference curve, 
one-half the starting concentration. 
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Fic. 5. Spectral absorption curves of materials produced by incubation of Furacin 
with various tissues. Conditions as for Fig. 4. Curve 1 muscle incubation; Curve 
2, heart incubation; Curve 3, lung incubation; Curve 4, brain incubation. 
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of Furacin, the 335 my material or “reduced Furacin” appeared in all the 
tissues studied. 
In the case of liver, kidney, spleen (Fig. 4), and as has already been 


shown with intestinal mucosa, increased uric acid formation, as indicated | 


by the appearance of an absorption maximum at 290 my, occurred in the 
presence of Furacin. In the case of muscle, lung, heart, and brain (Fig. 
5) there was little or no increased uric acid formation. 


DISCUSSION 


The digestion of Furacin with certain mammalian tissues in vitro re- 
sulted in increased formation of uric acid. Taylor et al. (6) have concur- 
rently shown that this nitrofuran can serve as a hydrogen acceptor for the 
anaerobic oxidation of xanthine to uric acid by xanthine oxidase. The 
conditions of our experiments, deep tube and periodic shaking, may have 
produced semianaerobic conditions. The relative order of activity of the 
tissues we studied in producing uric acid as a result of Furacin action cor- 
relates for the most part with the xanthine oxidase content of rat tissues 


as reported by Westerfeld and Richert (9), with the exception of lung /{ 


tissue. These authors listed the tissues in the order of their activity as 
follows: liver (very high); small intestine, spleen, lung (high); kidney, 
stomach, skin (low); brain and muscle (zero). 


SUMMARY 


Loss of 5-nitro-2-furaldehyde semicarbazone (Furacin) occurred when it 
was incubated in solution with various mammalian tissues. 

In all cases during the process of incubation of Furacin with tissues, a 
substance identified by a spectral absorption maximum at 335 my was 
formed. 

In the case of certain tissues (intestine, liver, spleen, and kidney) incu- 
bation with Furacin led to increased formation of a material with an ab- 
sorption maximum at 290 my. Tests indicated this material to be uric 
acid. 
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—" For a better understanding of the mechanism of action of the nitro- 
neur. | furans in the mammalian organism, studies of their metabolism have 
the | been initiated. Excretion studies (1) have revealed that only a small 

The | part of most ingested nitrofurans appears unchanged in the urine. Ben- 
have | der and Paul (2) in preliminary studies have shown that 5-nitro-2-fural- 
f the | dehyde semicarbazone (Furacin') undergoes degradation in the presence 
: cor- | of various body tissues zn vitro and point to possibilities that may include 
ssues | 2 Furacin-xanthine oxidase relationship in vivo. 

lung { That the xanthine oxidase-hypoxanthine system could reduce the nitro 
ty ag | group of nitrophenols was shown by Greville and Stern (8), but no re- 
jney, | duction products were isolated. Bueding and Jolliffe (4) in their study 
*’ ) of trinitrotoluene in vitro found that the xanthine oxidase-hypoxanthine 
system reduced only one of the nitro groups to form hydroxylaminodini- 
trotoluene. The reduction to aminodinitrotoluene was accomplished in 
1en it | vitro with tissue slices and extracts. 

The metabolic studies of the nitrofurans have been extended to the 
les, 2 | determination of the mutual effects of xanthine oxidase systems and the 
. was | nitrofurans. Data will be presented in this paper on the effect of Furacin 
on the xanthine oxidase-hypoxanthine system and the destruction of Fura- 
incu- | cin and other nitrofurans by this system under anaerobic conditions. 
we: EXPERIMENTAL 

A concentrated xanthine oxidase preparation was made from fresh 
cream according to the method of Ball (5). The preparation was carried 
(1944). only through Step III and used as such. 

For experiments on oxygen uptake, 2.6 ml. of M/15 phosphate buffer, 
pH 7.2, and 0.2 ml. of enzyme solution were pipetted into the main cham- 
30, 345 | ber of a Warburg flask. In the side arm was placed 0.2 ml. of a 0.05 m 

: solution of hypoxanthine or xanthine in 0.05 m sodium hydroxide. When 
(1950). j ; , : : 
51). Furacin was used, it was dissolved in the buffer solution and placed in 
hemis- | the main chamber of the flask with the enzyme. After equilibration at 








* Present address, Department of Pharmacology, Abbott Laboratories, North 
Chicago, Illinois. 
1 Brand of nitrofurazone, “New and nonofficial remedies.’ 
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38°, the taps were closed, the substrate tipped in from the side arm, and 
readings taken at 10 minute intervals for 30 minutes. The per cent in- 
hibition was calculated at 30 minutes. 

For anaerobic experiments 50 ml. of m/15 phosphate buffer of pH 7.2, 
containing the desired concentration of dissolved nitrofuran and hypoxan- 
thine or xanthine (1 or 2 mm concentration), was pipetted into a 100 ml. 
glass-stoppered flask. Purified nitrogen was bubbled through the solu- 


tion for 10 minutes, the flask in a water bath being maintained at 37°. | 


Depending on the activity, 0.8 to 2.0 ml. of enzyme solution was pipetted 














into the flask, the contents mixed, and a 2 ml. aliquot removed immedi- 
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Fia. 1. Effect of Furacin (5-nitro-2-furaldehyde semicarbazone) on the oxygen 
uptake of the xanthine oxidase-hypoxanthine system under aerobic conditions. 


ately for analysis. The flask was stoppered, placed in the bath, and at 
intervals aliquots were removed for analysis. 

The nitrofuran or the uric acid was estimated by a combination of ul- 
traviolet spectrophotometric methods used by Kalckar (6) and Paul et al. 
(1). The 2 ml. aliquot was pipetted into a centrifuge tube containing 10 
ml. of 95 per cent ethyl alcohol, the contents mixed to stop enzyme ac- 
tivity, and the tube centrifuged to remove the precipitate. The clear 
supernatant liquid was diluted, and the spectral absorption characteris- 
tics were determined on the Beckman spectrophotometer. Owing to the 
presence of several absorption maxima, readings were made from 420 to 
230 mu. From the known E,@, values of Furacin (786) and uric acid 
(710), the amounts of each were estimated. 

Oxygen Uptake—The results of a typical experiment dealing with the 
effect of Furacin (5-nitro-2-furaldehyde semicarbazone) on the oxygen 
uptake of the xanthine oxidase-hypoxanthine system in the presence of 
air are shown in Fig. 1. Since the rates in both the controls and the 
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Furacin-containing flasks were constant for the first 30 minutes, compari- 
son of the 30 minute values for uptake was used as a measure of inhibition 
by Furacin. 

With several different enzyme preparations (Table I), it was found that 
Furacin (8.7 X 10-* m) inhibited the oxygen uptake of this system by 
53 per cent. In the single experiment in which the Furacin concentration 
was 1.7 X 10-* m, the inhibition observed was similar. No significant 
inhibition was observed with either furaldehyde semicarbazone or with 
2,4-dinitrophenol at a concentration of 8.7 X 10M. In one experiment 
the Furacin concentration was measured spectrophotometrically at the 


TaBLeE [| 


Effect of Furacin and Related Compounds on Xanthine Oxidase-Hypoxanthine System 
in Presence of Air 




















Molar | Oxygen uptake, 30 min. 
| concen- A t | Diff eR 
Compound | tration | "of | “oxygen | Inhibition 
~— x| enzyme | Control Experimental uptake | 
wi = ‘ | pl. O2 pl. a 7 pl. a | per cent 
BAG: cr50g cco senties 8.7 0.2 |} 118 +12;| 5127] 62211) 53 + 5* 
te. feckptisy Sts cn autedne x L7% 0.2 98 40 | 58 59f 
Furaldehyde semicar- 
BAZONE. oes Sie 8.7 0.2 | 109 107 2 2t 
2,4-Dinitrophenol...... 8.7 0.2 | 136 130 6 4t 














* Average of eight Warburg experiments (duplicate flasks) with standard devia- 
tions. 


7 Single Warburg experiments, duplicate flasks. 


start and at the end of the incubation period. The amount of Furacin 
destroyed was found to be 8 per cent of the initial amount. 

Effect of Xanthine Oxidase System on Nitrofurans under Anaerobic Condi- 
tions—A typical ultraviolet absorption curve for xanthine oxidase-hypo- 
xanthine-Furacin under anaerobic conditions is shown in Fig. 2: At the 
start of the experiment (Curve 1, Fig. 2) there were two maxima, one for 
Furacin at 375 my, and another at 252 my which was a combination of 
the 260 my maximum of Furacin plus the 250 mp» maximum of hypoxan- 
thine. 

At the end of 2 hours the 375 my maximum of Furacin had disappeared 
(Curve 2, Fig. 2) and a new maximum at 335 my of “reduced Furacin” 


| (2) had appeared. The maximum at 252 mu had disappeared and a new 
| Maximum in the 290 mu region (uric acid) (2) had appeared. The reac- 


tion was apparently an enzymatic one, since neither hypoxanthine nor 
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Fig. 2. Ultraviolet absorption curves of xanthine oxidase-hypoxanthine-Furacin 
under aaa conditions. Furacin concentration approximately 1 X 10° m; 
hypoxanthine concentration approximately 2 X 10-3 m at start. Samples taken 
at intervals and diluted 1:30 for reading. Curve 1, sample taken at start; Curve 
2, sample taken after 2 hours incubation at 37°. 
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0.8 ml.) on the disappearance of Furacin (1 mM) anaerobically with hy- oc 
poxanthine (2 mM) as a substrate was studied (Fig. 3). Practically no the ‘ 
reaction took place with 0.2 ml. of enzyme solution. The rate of destruc- | pa 
tion of Furacin was a straight line function and directly proportional with that 
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urce | time with 0.6 ml. and 0.8 ml. of enzyme, indicating that the reaction was 
zero order and independent of the Furacin concentration. 

An attempt was also made to measure the amount of uric acid formed 
by the spectrophotometric method previously described. Hypoxanthine 
was used in excess as a substrate (2 X 10-* m) and Furacin was the limit- 
ing reactant at a concentration of 1 or 0.6 X 10-7? mM. When the Furacin 
was exhausted, the formation of uric acid ceased. That the enzyme sys- 
tem was still active was shown by admitting air to the flask and noting 
further formation of uric acid. Estimates made on the basis of ultra- 
violet absorption data indicate that approximately 1 mole of uric acid 
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Fig. 4. Ultraviolet absorption curves of xanthine oxidase-hypoxanthine-Furacin 
under anaerobic conditions. Furacin concentration approximately 1 xX 107? M; 
hypoxanthine concentration approximately 2 X 107-3 m at start. Samples taken at 
intervals and diluted 1:30 for reading. Curve 1, sample taken at start; Curve 2, 
sample taken at 2 hours; Curve 3, sample taken at 24 hours. 














was formed at the expense of 1 mole of Furacin at either 1.0 or 0.5 mm 
concentration. 

Comparison of the formation of uric acid anaerobically from xanthine 
(1.2 mm) or hypoxanthine (1.8 mM) in the presence of Furacin (1 mm) is 
shown in Figs. 4 and 5. When hypoxanthine was used in excess as a 
substrate (Fig. 4), all the Furacin had disappeared by the end of 2 hours 
cin in | and reduced Furacin (335 my maximum) and uric acid (290 my maximum) 
had appeared. After 24 hours uric acid was still present at the same 








h hy concentration, but the labile “reduced Furacin” had disappeared. When 
- 'Y” | xanthine was used as a substrate and was present in a limiting amount 
I) ne | the 3 hour curve (Fig. 5) indicates the formation of uric acid and the pre- 
: ca | sence of material with a 350 my maximum. The 10 hour curve reveals 


that the 350 my maximum was probably due to a combination of Furacin 
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(375 my) and “reduced Furacin” (335 my), for by 10 hours the labile 
“reduced Furacin” had disappeared, leaving the stable Furacin. In this 
experiment it may be noted that approximately one-half of the Furacin 
disappeared, but the uric acid formation was about the same as with the 
hypoxanthine. 

The effect of added cysteine on the rate of disappearance of Furacin 
was observed in one experiment. The addition of neutralized cysteine 
hydrochloride in 5 X 10-* m concentration markedly increased (about 
300 per cent) the rate of destruction of Furacin anaerobically. 

Other nitrofurans were studied in the anaerobic xanthine oxidase sys- 
tem, with hypoxanthine as a substrate. Some compounds were studied 
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Fig. 5. Ultraviolet absorption curves of xanthine oxidase-xanthine-Furacin under 
anaerobic conditions. Furacin concentration approximately 1 X 10-3 M; xanthine 
concentration approximately 1 X 107° m at start. Samples taken at intervals and 
diluted 1:30 for reading. Curve 1, sample taken at start; Curve 2, sample taken at 
3 hours; Curve 3, sample taken at 10 hours; Curve 4, subtraction of 10 hour curve 
from 3 hour curve. 


at 1 X 10-* m and some at 0.5 X 10-* m concentration. The results are 
summarized in Table II. Nitrofuroic acid and those compounds studied 
(5-nitro-2-furaldehyde and methyl 5-nitro-2-furoate) which are metabo- 
lized to nitrofuroic acid (1) disappeared and no formation of uric acid 
was apparent. The more complex derivatives of nitrofuraldehyde dis- 
appeared, with a concomitant formation of uric acid. When measure- 
ment was possible, disappearance of nitrofuran was found to be accom- 
panied by formation of uric acid in the approximate molar ratio of 1:1. 
In the studies on the compounds at 0.5 X 10-* mM concentration, absorption 
due to end-products or other interfering substances was so great that 
observations in the 290 my region were somewhat obscured. The pres- 
ence of uric acid was indicated by a shelf or inflection in the 290 mu re- 
gion rather than by a true maximum, as in the other experiments. 

Most of the compounds studied were destroyed at approximately the 
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Taste II 
Rate of Destruction of Nitrofurans by Xanthine Oxidase-Hypoxanthine System under 


Anaerobic Conditions 
eo 











O 
Amount mM uric 
peu Compound Goncen. destroyed Uric acid |_acid formed 
min. destroyed 
Mm X 10-4 per cent 
2 | R—CHO 1.0 | 17 . 
4 | R—COOH 1.0 | 10 Little or 
none | 
5 | R—COOCH; 1.0 | Little oe 
6 | a-R—CH=NOH 1.0 | 23 Yes 0.90 
6 | B-R—CH=NOH 1.0 | 43 es 1.23 
7 | R—CH=NNHCONH; 1.0 | 20 te 0.90 
9 | R—CH=NNH, 1.0 | 29 3 0.92 
64 | R—CH=NNHCOCH; 1.0 | 38 < 0.90 
7 | R—CH=NNHCONH: 0.5 | 25 Indicatedt 0.92 
21 | R—COCH; 0.5 | 38 
57 | R—C(CH;)=NNHCONH2 0.5 | 20 Indicatedf | Not run to 
comple- 
tion 
61 | R—CH=NN(CH;)CONH2 0.5 | 28 “ | al HAs a 
62 | R—CH=NNHCONHCH; 0.5 | 25 “ i “ 
67 | R—CH=NN(CH,CH20H)CONH,| 0.5 | 25 iy rh fs 
114 | R—CH=NNHOCOCH.N(CHs3)s- | 0.5 | 38 " Eh y 
Cl 
119 | R—C(CH;)=NN(CH;)CONH:2 0.5 | 15-25 t 
130 CH=NNHCONH: 0.5 | 75 ; 
ond 
O 




















* Compound destroyed; substrate unchanged. 
+ General absorption obscures 290 my region. Presence of compound indicated 


by inflection in curve in 290 my region and by increase in density at 290 my with 
time. 


¢ Character of absorption curve of original compound precludes conclusions in 
290 mp region. 

| same rate as Furacin. A significant difference in the rate of destruction 
| of the two isomeric nitrofuraldoximes (7) was noted. The a form (anti) 
was more slowly destroyed. At the end of the experiment the amount of 
uric acid formed was the same with both isomers. An isomer of Furacin, 
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2-nitro-4-furaldehyde semicarbazone (8), was destroyed with much greater 
rapidity than Furacin. 


DISCUSSION 


Furacin appears to act as an inhibitor in the xanthine oxidase-hypo- 
xanthine system when air is present. Under anaerobic conditions Furacin 
apparently acts as a hydrogen acceptor. A few calculations have been 
made to determine whether the lowered oxygen uptake observed aero- 
bically in the presence of Furacin could have been due to the transfer of 
electrons to Furacin. At normal pressure and 37°, 3 ml. of 0.87 mm Fura- 
cin could, on complete reduction, account for about 66 ¢.mm. of “oxygen,” 
with a resultant apparent lowered oxygen uptake. In Table I it can be 
seen that in five of the nine experiments the difference is of about the 
same magnitude or smaller, making this appear a plausible explanation. 
However, in the experiment in which Furacin disappearance was meas- 
ured, only 8 per cent of the Furacin was lost. On the basis of present 
evidence then, the aerobic inhibition cannot be solely accounted for by 
reduction of the nitro group of the Furacin molecule. Whether the aero- 
bic inhibition of oxygen uptake with xanthine oxidase takes place in vivo 
cannot be said at this time. 

However, it has been shown that Furacin is destroyed in the body (1) 
and that various tissues can destroy Furacin in vitro (2), with the produc- 
tion of uric acid and a product absorbing at 335 my in a manner similar 
to that now shown with xanthine oxidase. Also, in the tissue studies 
in vitro a correlation has been shown between the ability of a given tissue 
to destroy Furacin with the simultaneous production of uric acid and its 
xanthine oxidase content (2, 9). Thus it is quite possible that xanthine 
oxidase contributes to the destruction of Furacin in vivo. 

The nature of the nitrofuran end-product of the xanthine oxidase re- 
action absorbing at 335 my has been studied briefly. Several attempts 
to isolate this compound have been made, but, owing to its instability, 
such attempts have not yet been successful. 

Oxidation of hypoxanthine to uric acid involves 4 oxidizing equivalents 
per mole, while oxidation of xanthine to uric acid requires only 2. On 
the other hand, reduction of Furacin to its corresponding hydroxylamine 
would require 4 reducing equivalents per mole, and to the amine, 6. 
The data indicate (Fig. 5) that when xanthine was the substrate and 
Furacin was present in excess | mole of uric acid appeared when 0.5 mole 
of Furacin disappeared. On the assumption that the point of attack on 
the Furacin molecule is the nitro group, this indicates that the reduction 
product is the hydroxylamine. Subtraction of the absorption curves 
(10 hour curve with stable Furacin from 3 hour curve when both Furacin 
and labile “reduced Furacin” are suspected) reveals that this reduction 
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product has the usual peak (835 my) observed for “reduced Furacin.” 
The reduction product when hypoxanthine was the substrate (Fig. 4) 
present in excess under conditions such that all the Furacin present had 
been reduced and an equivalent amount of uric acid formed, likewise is 
“reduced Furacin,” with the characteristic peak at 335 my. Therefore, 
it may be concluded tentatively that the reduction product here also is 
the hydroxylamine. All attempts at reduction of Furacin by such re- 
agents as Raney’s nickel-hydrogen? or sodium hydrosulfite have produced 
material with an absorption maximum at 335 my. Until this “reduced 
Furacin”’ has been isolated and characterized, the extent of xanthine oxi- 
dase reduction cannot be fully determined. 

The enhanced destruction of Furacin observed in the presence of cys- 
teine was marked. That the increased rate of Furacin destruction is 
linked to an enzyme is shown by incubating Furacin with cysteine (no 
enzyme present). In phosphate buffer (pH 7.2) with added cysteine only 
10 per cent of the Furacin was destroyed in 14 hours at 37°. In our en- 
zyme system with cysteine present Furacin had nearly completely dis- 
appeared by the end of 40 minutes. 


SUMMARY 


1. The interrelationship between Furacin (5-nitro-2-furaldehyde semi- 
carbazone) and xanthine or hypoxanthine catalyzed by xanthine oxidase 
prepared from fresh cream was studied in vitro under both aerobic and 

| anaerobic conditions. 

2. At 8.7 * 10 m concentration Furacin significantly inhibited the 
oxygen uptake of the xanthine oxidase-hypoxanthine system in the pres- 
ence of air. 

3. Under anaerobic conditions Furacin and certain other nitrofurans 
can apparently act as hydrogen acceptors in the xanthine oxidase-hypo- 
xanthine system. The nitrofuran is reduced, with the simultaneous ap- 
pearance of uric acid. 
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THE AMINO END-GROUP AND THE AMINO ACID 
COMPOSITION OF SALMINE* 


By SIDNEY F. VELICK anp SIDNEY UDENFRIENDt{ 


(From the Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis, Missourt) 


(Received for publication, March 5, 1951) 


| The original studies of salmine by Kossel and coworkers established the 
| general nature of its peculiar amino acid composition (1). From the ab- 
sence of free primary amino groups, it was later surmised that salmine was 
terminated at the amino ends of its peptide chains by proline (2). The 
absence of free primary amino groups would also have been accounted for 
if salmine were a cyclic peptide, and such a claim has been made (3). How- 
ever, Porter! has identified terminal proline, apparently in very small yield, 
by the dinitrofluorobenzene method and Tristram has obtained titration 
| curves which he interprets as indicating one free amino or imino group per 
| minimum molecular weight (4). Since there is an element of uncertainty 
in the interpretation of protein titration curves, and, since the qualitative 
identification of an amino end-group might represent impurities, we have 
reexamined the terminal amino groups and the amino acid composition of 
salmine by isotope derivative methods (5). A minimum molecular weight 
of 7000 is found, in approximate agreement with the value calculated by 
Tristram from his amino acid analyses (4). Moreover, salmine is shown 
to contain 1 terminal proline residue per minimum molecular weight. Cer- 
tain other aspects of the salmine problem are discussed. 


Methods 


Analyses of Salmine—The salmine was a sample supplied by the labora- 
tories of Sharp and Dohme, Inc. It was prepared from the frozen testes 
of fish of the family Salmonidae, genus Oncorhynchus, which were obtained 
from commercial fishery runs in the area of Vancouver, British Columbia. 
The dried salmine sulfate contained 20.7 per cent sulfate and 25.0 per cent 
nitrogen corresponding to 31.5 per cent nitrogen in the free base. The 
material migrated electrophoretically with a single boundary in phosphate 


=— ————— 


* This work was supported in part by a grant from the American Cancer Society 
on the recommendation of the Committee on Growth of the National Research 
| Council. 
| { Present address, National Heart Institute, National Institutes of Health, 

Bethesda, Maryland. 
| 1 Quoted by Tristram (4). 
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and acetate buffers, pH 7.5 to 5.0, and showed a single sedimentation 
boundary with a sedimentation constant less than 1. 

A sample of salmine sulfate weighing 22.58 mg., corrected for 6.34 per 
cent moisture, was hydrolyzed in a sealed tube with 2 ml. of 6 N hydro- 
chloric acid for 18 hours at 112°. The hydrolysate was neutralized with 
sodium hydroxide to pH 5 and diluted to 5.0 ml. The derivative reaction 
was carried out on 0.197 ml. of the stock solution of hydrolysate and the 
ether-soluble derivatives were diluted to 25 ml. Toa 2 ml. aliquot of the 


TaBLeE I 
Isotope Derivative Analysis of Amino Acids in Salmine 






































[131 standard | 
: : Counts per min. filter 35 Residues 
Amino acid Counts = min. wae - {Counts per min. 4 a 7000 gm. 
f* |"Micromoles I 
c.p.m. 

GIVGMCL = ..<:./..0%: 3 0.190 + 0.002 0.391/1.088 X 10% 28,074 3.0 
Alanine§.......... 0.193 + 0.000 0.507\0.3818 X 10% 9,376 0.90 

WANNCS: 5.55.5. 224 0.250 + 0.003 0.517 /0.297 X 10% 19,067 3.0 

Protme?.........:- 0.102 + 0.002 0.507(0.318 xX 10% 41,675 4.0 

eerner.:......2.... 0.130 + 0.002 0.395)1.3821 X 10% 83,330 4.2 
Phenylalanine$.... 0.008 0.4020.881 X 10° 25,276 | <0.002 
Threonine§........ 0.012 0.395|1.285 XK 10% 25,225 | <0.03 

Glutamic acid§.... 0.026 + 0.002 0.395 1.235 X 108 30,812 0.1 
Hydroxyproline§. . 0.025 0.5170.183 X 10% 8,643 | <0.05 
Aspartic acidf..... 0.011 0.395'1.821 X 108 37,835 | <0.08 





* Two filters were used in this work, giving true f; values of 0.402 and 0.517 re- 
spectively. The observed deviations from these values are owing to decay during 
the counting cycles, as discussed in Velick and Udenfriend (5). 

Tt fs = 0.0005 to 0.0008. 

¢ 0.00807 um of salmine used in the analysis. 

§ 0.02018 um of salmine used in the analysis. 


derivative solution were added the S** indicators of aspartic acid, serine, 
proline, isoleucine, and glycine. To a 5 ml. aliquot were added the indi- 
cators for glutamic acid, alanine, leucine, valine, hydroxyproline, threonine, 
and phenylalanine. Each aliquot was subjected to the general fraction- 
ation procedure. The results are shown in Table I. For purposes of 
comparison, a series of microbiological assays was also run. The results 
are summarized in Table IIT. 

1 gm. of the protamine hydrolysate was also fractionated chromato- 
graphically on a Dowex-50 column. Many essential details of this method 
were kindly supplied us by Dr. W. H. Stein and Dr. 8. Moore prior to the 
full publication of their procedures. 1100 fractions of eluate were cut 
automatically at equal time intervals. These were sampled and analyzed 
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by the photometric ninhydrin method (6). The peaks were widely sep- 
arated, and, although we were interested primarily in the preparative as- 
pects of this run, the results also proved to be analytically acceptable. 
Arginine, proline, serine, valine, glycine, and alanine were found to occur 
in ratios, respectively, of 34, 4, 4, 3, 3, and 1, results which are in agree- 
ment with the isotope derivative analysis. An isoleucine band was also ob- 
tained, but accidental losses prevented a quantitative analysis. 
Two-dimensional chromatograms of salmine hydrolysates were run in 
phenol-water-ammonia and in lutidine-water systems at levels up to 1.5 
mg. of hydrolysate per sheet. A tracing of a chromatogram at the 1.5 mg. 
level is shown in Fig. 1. In addition to the major components, a small 


PHENOL + 
ae IDINE 


VAL 


1SOL 


Sa 


Fig. 1. Two-dimensional chromatogram of hydrolysate of 1.5 mg. of salmine 


glutamic acid spot was also observed, confirming the isotopic and mi- 
| crobiological findings. No other amino acid could be detected on the 


chromatograms. 

Amino End-Group—The details of the isotope derivative method of 
amino end-group analysis of proteins have been discussed in a previous 
paper (7). 60 mg. of salmine sulfate in 2.5 ml. of water were treated with 
barium hydroxide equivalent to the sulfate present. The barium sulfate 
was filtered and to the filtrate were added 2 volumes of redistilled, reagent 
grade pyridine. To the clear solution in the reaction tube were added 500 
mg. of [!-labeled pipsyl chloride dissolved in 1.2 ml. of benzene. The 
mixture was shaken on a vibrator for 2 hours at room temperature. On 
addition of 3 volumes of ether, an aqueous phase separated which was ex- 
tracted four times with ether. The extracted aqueous solution was trans- 
ferred to a centrifuge tube and the pipsyl derivative of salmine was pre- 
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cipitated as the sulfate by the addition of a small excess of sulfuric acid and 
4 volumes of ethanol. After several washings of the precipitate with 
ethanol and with ether, it was dried in a vacuum and then dissolved in 
dilute hydrochloric acid. A small aliquot of the derivative solution was 
taken for nitrogen determination. 

Since Porter had made a qualitative identification of terminal proline 
in salmine, we added 0.500 ml. of S**-labeled pipsylproline solution to an 
aliquot of the salmine derivative calculated from the nitrogen analysis to 
contain 0.22 um of salmine (mol. wt. 7000). Addition of the indicator 


TABLE II 
Amino End-Group of Salmine 
0.22 um of salmine (mol. wt. 7000) employed in the analysis. 





























Counts per min. 
Segment of proline band No. Filtered Unfiltered Ratio, B:A 
(B) (A) 
1 594.3 2798 0.215 
2 843.4 3812 0.221 
3 644.3 2907 0.221 
4 501.7 2216 0.225 
TAG 2) Re ae ey eee a a RPT er OMe ee aera.” 0.2205* 
131 standardt 988 .2 ’ 2467 0.4006 
$35 rs t 1775 0.0005 
*1:S = 1.222. 


t+ Count made on 0.0126 um. 
t¢ Count made on 21.9 ul. of stock S**-labeled pipsylproline; 500 ul. were added 
before hydrolysis. 
Moles terminal proline 1775 0.0126 1 


—- = —— X 500 X 1.222 X —— X — =1.1 
7000 gm. salmine 21.9 ” 1s “ 2467 " 0.22 





before hydrolysis provided automatic correction for partial destruction of 
the end-group derivative during hydrolysis. 1 volume of concentrated 
hydrochloric acid was then added and the solution was heated in a sealed 
tube at 112° for 11 hours. The ether-soluble derivatives were carried 
through the ten plate chloroform-acid distribution and the radioactivity 
was all found in the organic phase of Plate 10. A butanol-ammonia chro- 
matogram of the material in Plate 10 revealed a single band with the Ry 
of pipsylproline and which contained S** and I"*! in constant ratio along 
the direction of migration of the band. This provided positive identifi- 
cation of proline as the amino end-group and supplied the necessary data 
for the calculation of the amount of proline end-group, as shown in Table 
II. 
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DISCUSSION 


The method of isolation of salmine from testicular tissue does not pro- 
vide information concerning homogeneity, since the material is not crys- 
talline. Although the physical characterization is imperfect, salmine does 
seem to be relatively homogeneous by the criteria of sedimentation and 
electrophoretic mobility. The salmine molecule is too small for accurate 
molecular weight measurements by sedimentation velocity methods, and 
we believe that the molecular weight is given by the minimum molecular 














TaBLe III 
Amino Acid Analyses of Salmine by Various Methods 
Gm. amino acid per 100 gm. free base 
Amino acid Present work 
Tristram (4) |Block e# al. (8) 
Microbiological* Isotope Ton exchange 
GEV CINE ed sss 2.94f 3.3} 3.19 3.2 
BIGINNG elera. 38S 1.12} 1.5 1.16 1 
(07 (ee 3.14f 4.1§ 4.3 5.0 4.7 
Pronne. 5... cass 5.80f 8.6§ 6.4 6.7 6.9 
NGEINO oer shits 9.1\| 7.0|| 8.5 6.4 6.3 
Leucine........... 1.6f 0 0.03 
Isoleucine......... 0 1.2§ 1.1 
Argimine .........5...<... 85.2 88.4] 84.5 
| Glutamic acid..... 0.08 0.2 




















* The microbiological assays were carried out by Dr. G. B. Ramasarma using the 
micromethod of Henderson, Brickson, and Snell (9). 

{ Partition chromatography of acetyl derivatives. 

t Ninhydrin oxidation and determination of the resulting aldehyde. 

§ Microbiological assay. 

|| Periodate oxidation. 

4 Flavianate isolation. 


weight calculated from the analytical data. Molecules carrying such a 
large positive charge would not be expected to associate in solution. 

The possibility would still remain that salmine is a family of closely re- 
lated peptides. If this were the case, the ratio of arginine to monoamino 
acids could not be a structural variant because of the apparent electrical 
homogeneity of the protein. If molecular species with different amino 
acid sequences occur, such differences certainly do not extend to the amino 
ends of the chains, all of which are terminated by proline. In view of the 
fact that only seven amino acids are present in close integral proportions, 
the possibility of settling the presence or absence of variations in internal 
sequence lies within the scope of existing methods. 

The ion exchange and two-dimensional chromatographs exclude the pres- 
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ence of significant amounts of the amino acids supposed to be ab- 
sent. Four of these amino acids studied by the pipsyl method revealed 
finite amounts of I! radiation in the isolated indicator bands, but the 
T4531; $%5 ratios in these bands were not constant. Therefore, the presence 


even of traces of these amino acids is not established. From the smallest 
ratio observed in a given band, one may set upper limits to the analysis. 


These may be seen to be small indeed (Table II). In the case of glutamic 
acid, however, a significant amount is present, representing a small amount 


of impurity. The microbiological assays confirm the finding of Block and | 


coworkers (8) that isoleucine is present and are in interesting contrast to 
the report of Tristram (4) that leucine rather than isoleucine occurs. This 
may, as suggested by Tristram, be due to species variation. Other dis- 
crepancies in the amino acid analyses (Table III) are of a quantitative 
rather than qualitative nature and are difficult to assess, both because of 
the different origins of the salmine samples and differences in the analyti- 
cal methods employed. 


SUMMARY 


1. The amino acid composition of salmine has been investigated by the 
isotope derivative method, ion exchange chromatography, two-dimensional 
paper chromatography, and microbiological assay. 

2. The minimum molecular weight of salmine is 7000, and there is one 
proline amino end-group per minimum molecular weight. It is likely that 
the actual and minimum molecular weights are the same. 

3. Salmine, as usually prepared, is either a singly molecular species or 
a family of closely related peptides of the same size and amino acid compo- 
sition but differing in internal amino acid sequences. 
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ab- 
aled | ON THE ROLE OF GLYCINE AND ADENINE AS PRECURSORS 


the OF NUCLEIC ACID PURINES* 
one By SIDNEY 8. FURSTt anp GEORGE BOSWORTH BROWN 
ysis. (From the Sloan-Kettering Institute for Cancer Research, New York, New York) 
st (Received for publication, February 24, 1951) 
ee _ Attention has been drawn (1-4) to the unexplained differences between 


st to } the incorporation of adenine (5) and of glycine (6, 4, 3) into nucleic acid 
This | purines. Because of the different experimental conditions used, it seemed 
dis- | desirable to verify these disparate observations under identical experi- 
ative | mental conditions before attempting interpretation or further investi- 
se of | gation. 
uly ti- Previous studies of adenine as a precursor of the purines of the pentose 
(PNA) and desoxypentose (DNA) nucleic acids have shown that in mixed 
organs (7) or in livers (5) of adult rats the incorporation of adenine was 
almost exclusively into the PNA purines. On the other hand, in rapidly 
y the | growing tissue, as represented by regenerating liver, there did prove to be 
sional | an extensive incorporation of adenine into the DNA purines, and the 
isotopic nitrogen of adenine once thus incorporated was but slowly lost 
sone | from the DNA (5). In contrast, Hammarsten and coworkers (6) found 
‘that | that the nitrogen of glycine was incorporated to a significant extent into 
DNA purines in non-growing liver. Recent investigations have shown 
ies or | that the 6-carbon of serine (3), the methylene carbon of glycine (3, 4) and 
mpo- | the carbon of formate (8) are also readily incorporated into the purines of 
DNA as well as of PNA. In addition, the incorporation of cytidine into 
DNA pyrimidines and purines (9) has likewise indicated synthesis of 
DNA in non-growing tissues. In the experiments with glycine (6) and 
Mono- { adenine (5), the major differences in the conditions and techniques used 
may be summarized briefly as follows: intraperitoneal versus oral admin- 





Chem., istration, a duration of 12 hours (in partial hepatectomies, the 16th to 
28th hours postoperative) versus 5 days (in partial hepatectomies, the 
period of almost full regeneration of livers), 150 to 200 gm. versus 300 
to 320 gm. rats, Hammarsten (10) versus Schmidt and Thannhauser (11) 
methods for separation of PNA and DNA, and probable differences in 
Biel. strain of rats as well as in diets. 


* Aided by grants from the National Cancer Institute of the United States Public 
(1948). | Health Service, the James Foundation of New York, Inc., and jointly by the Office 
of Naval Research and the Atomic Energy Commission, Contract N6ori-99, Task 
Order 1. 


{ Abstracted from a thesis submitted by S. 8. Furst to the Yale University School 
of Medicine, New Haven, Connecticut. 
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In order to eliminate completely the question of variables in the experi- | ing 


mental conditions and techniques, the simultaneous administration of 
glycine labeled with N*® and of adenine labeled with C" in the 8 position! 
has now been carried out under conditions previously used in the experi- 
ments with adenine (5). 


Adenine-8-C" has also been administered to partially hepatectomized 


rats, which were then maintained for 96 days before the purines were 
isolated from the liver nucleic acids. 


TABLE I 


Isotope Content of Nucleic Acid Purines after Simultaneous Administration of 
N}5-Glycine and C4-Adenine for & Days 























Non-growing liver Regenerating liver 
atom per cent C.p.m. per atom per cent c.p.m. per 
excess N% pM excess Ni8 uM 
Dietary glycine 31.5 31.5 
os adenine 5260 6020 
Purines isolated from DNA 
Adenine 0.030 12 0.193 382 
Guanine 0.028 11 0.272 274 
Purines isolated from PNA 
Adenine 0.078 724 0.169 996 
0.084* 734* 
Guanine 0.091 454 0.299 711 
0.085* 667* 
Isolated from urine 
Urea 0.416* <2 0.430 <1 
Ammonia 0.366* 0.379 
* Duplicate experiment. 
Results 


The results of the simultaneous administration of N'-labeled glycine 
and C-labeled adenine (Table I) confirm the observations previously 
made (5, 6) with each compound, and, in conjunction with the observa- 
tions on the carbon of glycine (3, 4) and of formate (8),? confirm the ob- 
servation that in non-growing tissue there must be a continuous formation 
of some DNA from those compounds which are known to be purine build- 


1 Recent experiments with adenine labeled with both N5 in the 1 and 3 positions 
and C" in the 8 positions (12) have shown that there is a parallel incorporation of 
the two isotopes into both of the purines of the pentose nucleic acids and have indi- 
cated that the 8- label can be expected to yield results similar to those with the 1,3- 
label. 

2 The carbon of formate is not only readily incorporated into the purines of DNA, 
but is also retained but a short time (Aaron Bendich, unpublished observations). 











diets 
TT 
ader 


S. S. FURST AND G. B. BROWN 241 
peri- | ing blocks, but that there is an extremely small formation of DNA from 
n of | dietary adenine. 

bina The quantitative differences in the relative incorporation of preformed 
peri- adenine and of glycine nitrogen into the two types of nucleic acids in rest 
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ation | and in growth are most readily visualized in terms of the per cent re- 
puild- | placement by each precursor, as presented graphically in Fig. 1. 
sitions In the non-growing livers the relative incorporation of glycine nitrogen 
‘ion of | into the purines of the PNA and of the DNA was in the ratio of 2.5:1 
eindi- | or 3:1, while that of adenine into the same fractions was in the ratio of 
he 13- | 50:1 or 60:13 Inthe DNA of the rapidly growing livers the incorporation 
DNA, * The low radioactivity of the DNA purines makes the exact value of this PNA 
tions). | to DNA ratio uncertain, but it approaches 73, which was found previously (5). 
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of glycine nitrogen was 6- to 9-fold greater than in the DNA of the non- 
growing tissue, while simultaneously with adenine there was a 25- to 32- 
fold difference between the growing and the non-growing livers. 

The apparent proportion of newly formed nucleic acid purines derived 
from preformed adenine was several times as much as that elaborated 
de novo from glycine nitrogen. 
due to a very great dilution of the glycine nitrogen by the body pool of 


available glycine, or to other factors, cannot be evaluated. The high 


levels of N*® in the urea and ammonia indicate that a significant amount | 


of this isotope could arrive via body pool ammonia (13) rather than di- 
rectly from glycine (14, 15, 1). In the case of the DNA purines of the 
non-growing livers it was demonstrated that the N'® content of the amino 
groups was not sufficient to account for all the N™ present; in other in- 
stances the magnitude of the total N' values is such that label must be 


TaBLe II 


Retention of Isotope of Adenine after Incorporation into Nucleic Acids of Regenerating 
Liver, 96th Day 





| DNA 








| c.p.m. per .M 
Mixed purines. . | 778 | 
Adenine......... 1127 | 7.3 
RONEN ere oars ois gcse tetla 393* 5.4 
* Calculated; see ‘‘Experimental.”’ 
present in the ring nitrogens in addition to the amino group. Detailed 


comparisons of the present glycine results with those obtained under 
other conditions do not seem justified. It is of interest that in the re- 
generating liver the N' value for the DNA adenine was greater than that 
for the PNA adenine, although the reverse was true for the respective 
guanines. 

The results of the experiment in which partially hepatectomized rats 
fed adenine-8-C" were allowed to survive for 96 days (Table IT) confirm 
the long term retention of adenine which has once been incorporated into 
DNA purines. This supports the concept of a biochemical stability of 
at least some DNA which was derived from adenine during the process of 
rapid growth. The analogy in the behavior of preformed purine and 
the slow incorporation of phosphate into DNA often reported (16, 17) 
and the retention of phosphate once incorporated (18) should again be 
noted. 

4Tt has been shown that simultaneous administration of adenine can “‘spare” 


the incorporation of formate into purines, and the same may well be true with respect 
to glycine (David A. Goldthwait, unpublished observations). 


The extent to which this result may be | 
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non- DISCUSSION 
o 32-| The existence of the variations in the relative utilization of the two 
precursors implies that more than one mechanism can be operative for 
rived } the synthesis of desoxyribonucleic acids. With one the bulk of the purine 
rated | needed for the synthesis of DNA formed in the non-growing tissue is of 
iy be | endogenous origin. Another will utilize an exogenously supplied purine, 
ol of and it plays a proportionately greater réle during rapid tissue growth. 
high | Similarly, the relative incorporation of glycine and adenine into the 
nount | pentose nucleic acids differs in the non-growing and in the regenerating 
in di- } jivers. This implies that there are also two mechanisms of synthesis of 
f the | PNA, but the distinction is not as striking as in the case of the desoxyri- 
imino | honucleic acid fraction. 
er in- The coexistence of two mechanisms for the synthesis of nucleic acids 
ist be | simply adds to the complexity already indicated by the possible existence 
of two synthetic routes to the purines, at least to guanine (1, 19, 2), and 
srating ) two to the pyrimidines (9). 
; In a somewhat speculative vein, it might be suggested that the two 
2 mechanisms for the synthesis of DNA could be accounted for by the 
____ | hypothesis of two types of DNA in the single tissue sample, one formed 
ai ad continuously from small precursors and one formed only during mitosis 
and utilizing intact purines. In heterogeneous cell populations of mam- 
malian tissue it will be difficult to differentiate between two types of DNA 
_ | occurring in a single cell and two representing different cell types (20). 
The present results could also be attributed to differences in the metabo- 
veodhed lism of different moieties with a polynucleotide, of substituent groups, or 
weil perhaps of the enzyme-susceptible portion versus the enzyme-resistant 
ba te | demonstrated by Zamenhof and Chargaff (21). These authors 
a iat have also suggested (22) the existence of more than one DNA in the same 
antes cell as a possible interpretation of their data. A mixed nucleic acid, such 
as that suggested by Marshak (23), could also be involved. The concept 
d rats of a “nuclear membrane” impermeable to preformed purine except during 
onfirm | the process of mitosis is to be considered, but is not readily susceptible to 
d into | &Xperimental test. The consideration that the relative functioning of 
lity of | Wo mechanisms of synthesis for a single polynucleotide is dependent upon 
sound the cell being in the interphase period or being in the mitotic phase is also 
e and | Mifficult to approach. 
6, 17) It was previously pointed out (5) that the small difference in the extent 
oa" of incorporation of adenine into the PNA of non-growing and of regenerat- 
| ing liver could be considered as confirming the suggestion of Rittenberg 
cal. (24, 25) that growth is the result of the inhibition of degradative 
| reactions rather than of the increase of the synthetic processes. How- 
respec! | over, it can now be noted that the considerably greater incorporation of 








‘‘spare”’ 
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glycine in the growing tissue could be considered as confirming the op- 
posite conclusion, reached by Greenberg and coworkers (26) and Zamecnik 
and coworkers (27), that growth is the product of an acceleration of 
synthetic reactions. 








EXPERIMENTAL 


Incorporation of Adenine and Glycine into PNA and DNA of Non-Grow- 
ing Rat Liver (Experiment A)—Ten Sherman strain (Rockland Farms) 
rats, totaling 3414 gm., were fed adenine-8-C™ (28) (5260 c.p.m. per 
pM) at a level of 0.2 mm per kilo of body weight per day, and N*-glycine 
(29) at a level of 2.67 mm (200 mg.) per kilo of body weight per day for 
5 days. The supplements were dissolved in water and admixed with 
pulverized, moistened Purina chow pellets. The nucleic acids were iso- 
lated from the pooled livers as previously described (5). The purines 
of both the PNA and DNA were isolated as the silver salts (30), which 





were treated with 1 N HCl to yield the mixed purine hydrochlorides. 
Guanine and adenine picrate were isolated from this solution. The gua- 
nine was crystallized as the sulfate from 1 N H:SQ,, and recrystallized 
twice. The adenine picrate was recrystallized three times from 25 per 
cent acetic acid, after which it was dissolved in 30 per cent acetic acid 
and the picric acid removed by repeated treatment with Dowex-1 ion 
exchange resin (31). All final products were shown to be homogeneous 
and were quantitatively estimated by differential ultraviolet spectropho- 
tometry (30). Urea and ammonia were isolated from the pooled urines 
(32). 

For determination of the C™ activity of the administered and final 
products, the adenine samples were dissolved in 30 per cent acetic acid, 
and guanine samples in 2 N NH,OH. Infinitely thin films (33), repre- 
senting 50 to 1000 y of the purine in question, were prepared on 10 sq. cm. 
planchets from aliquots (1 to 5 cc.) of these solutions. Three or more 
planchets, containing varying amounts, were prepared from each sample, 
and the activities were determined in a proportional flow counter® on 
two or more separate occasions. All determinations on a given sample 
fell within +5 per cent of its mean value. The results (Table I) show the 
average C™ values obtained, and the N' values® of each of the products. 


The values for the purines from the liver PNA in a duplicate experiment | rae 


are included and show the considerable variation in the extent of con- 

version of adenine into guanine encountered in different groups of animals. 
Deamination of Purines from DNA—Samples of adenine or guanine in 
5 Radiation Counter Laboratories nucleometer. 


6 Consolidated-Nier mass spectrometer, model 21-201; probable error +-0.001 
per cent. 
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“| 2 ec. of 0.1 N HCl were placed in one limb of a modified Thunberg tube, 


similar to that described by Rittenberg and Sprinson (34), but with a 
third limb. In Limbs 2 and 3 were placed, respectively, 50 mg. of NaNO, 
in 2 cc. of water and a mixture of powdered KMnQO, and KOH (1:10). 
The tube was evacuated to 15 uw while frozen in a dry ice bath. It was 
thawed, and the contents of Limbs 1 and 2 were mixed and warmed at 
80° for 20 minutes. The contents of Limb 3 were then tipped and washed 
in, and the tube was shaken for 1 hour, during which the NO was oxi- 
dized and the CO, was absorbed. The tube was again frozen and the 
gas measured in the mass spectrometer. The values for mass 30 (NO) 
and mass 44 (CO.) were less than 1 per cent of the value for mass 28 
(No!) and the air content (based upon A*°) was not over 2 per cent. In 
controls with a standard sample of N'5-guanine containing a known amount 
of N15 in the 2-amino group, the values for the nitrogen evolved by nitrite 
were within 1 to 3 per cent of that expected. With 1,3-N1-adenine, 
the values obtained were always 1 to 5 per cent of that for the pyrimidine 
ring nitrogens, which indicates that some rupture of the ring occurs under 
these conditions; hence the applicability of this procedure is greatly lim- 
ited. 

The samples of adenine and guanine from the DNA of the non-growing 
liver were recovered from the counter planchets with 0.1 Nn HCl and were 
so treated. The values for the nitrogen evolved were 0.05 and 0.04 re- 
spectively. They account for somewhat over half of the total N' present 
and indicate that there must also be appreciable N! in the nitrogen of 
the purine rings. 

Incorporation of Adenine and Glycine into PNA and DNA of Regener- 
ating Rat Liver (Experiment B)—Nine rats, totaling 2251 gm., were par- 
tially hepatectomized. Starting on the day following the operation, and 
continuing for 5 days thereafter, the animals were fed C**-adenine (6020 
¢.p.m. per uM) and N!*-glycine at the same levels and in the same manner 
as in the previous experiment. On the basis of the 43 gm. of liver re- 
moved at operation, the 66 gm. obtained at autopsy, and the previously 
compiled data (5) on the average weight of intact liver per kilo of body 











weight in this strain of animals, it is estimated that 70 per cent of the 
liver tissue used in this experiment was newly formed during the 6 days 
following the operation. The regenerated livers were treated as were 
those obtained in the experiment with non-growing livers. The quantity 
of DNA guanine obtained was small; it was not recrystallized as the 
sulfate but was reprecipitated as the free base three times. The product 
was homogeneous by ultraviolet spectrophotometry (30). The isotope 
values are given in Table I. 

| Long Term Retention of Isotopic Adenine after Incorporation into DNA 


| 
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of Regenerating Rat Liver—Four rats, totaling 1441 gm., were partially 
hepatectomized and 26.3 gm. of liver were removed. They were fed 
C'-adenine (12 X 10% c.p.m. per uM) at a level of 0.2 mm per kilo of body 
weight per day for 3 days, and were then maintained on an unsupplemented 





diet for an additional 96 days. At autopsy, on the 100th day after op-| 
eration, 41 gm. of liver were obtained. This represents 105 per cent | 
of the estimated original weight, and 70 per cent of this weight is esti- 
mated to have been formed during the 100 day period. The nucleic acids| 
were isolated and the purines obtained as the copper salts (35). The fig- 
ures in Table II express the C™ activity of the isolated PNA purines and 
DNA adenine, as well as that of the mixed purines from DNA. Suff- 
ciently pure guanine was not isolated from the DNA fraction, but. its 
activity was calculated from the composition (30) of the mixed purines 
and the values for them and for adenine. 


The authors wish to thank Bertram A. Lowy for the sample of N™. 
glycine, Dr. M. Earl Balis for the C'-adenine, and Dr. Balis and Dr. 
Aaron Bendich for cooperation and advice. 


SUMMARY 


Simultaneous administration of N'-labeled glycine and C"-labeled 
adenine confirms the general picture previously demonstrated for the 
incorporation of each compound into liver nucleic acids. The differences 
between the results with the two precursors suggest that two mechanisms 
of the synthesis of nucleic acids, most notably of desoxyribonucleic acids, 
are operative. 

The long term retention of adenine, once incorporated into DNA during 
the rapid growth of regenerating liver, is confirmed, and the biochemical 
stability of at least some DNA is substantiated. 
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THE METABOLIC EFFECTS OF CORTISONE 
I, THE OXIDATION OF PROLINE 


By W. W. UMBREIT ann N. E. TONHAZY 
(From the Merck Institute for Therapeutic Research, Rahway, New Jersey) 


(Received for publication, January 18, 1951) 


With the greatly increased medical interest in cortisone (17-hydroxy-11- 
dehydrocorticosterone, Kendall’s Compound E, Cortone') and the de- 
velopment in the past few years of methods for maintaining activity in 
homogenates of tissues, it appeared desirable to determine the effects of 
adrenalectomy or treatment with cortisone demonstrable with reactions 
measurable in tissue homogenates. A considerable portion of the work 
previously done on tissue metabolism has been reviewed elsewhere (1-4), 
and it is apparent from even a cursory examination of the literature that 
two conditions predominate. First, a variety of metabolic effects is ob- 
served, rather than a single more or less specific alteration in metabolism. 
Second, the reports from different laboratories show rather marked dis- 
crepancies as to the metabolic effect of adrenalectomy and treatment with 
cortical extract. These conditions give rise to a state of uncertainty as 
to just what the metabolic results of cortisone are and suggest that a mul- 
tiplicity of effects is being studied simultaneously and attributed to a 
single cause. 

Previous studies on the metabolism of tissues of adrenalectomized 
animals have left two impressions: first, that there is a decreased ability of 
the tissue to oxidize a variety of substrates and, second, that there is a 
decreased power of deamination. These impressions have been derived 
from essential data in the literature (5-17). Summaries and discussion of 
the significance of these observations are given by Hartman and Brownell 
(1) and Pfiffner (4). However, in the majority of cases the effects ob- 
served could be restored to normal by the administration of desoxycor- 
ticosterone or salt. Therefore an approach to the metabolic effects of 
cortisone must be such that disturbances due primarily to faulty electrolyte 
balance must be recognized and corrected. 

For this reason we have based the following studies on the proposition 
that, if cortisone were involved in any system observable by way of the 

1 The term Cortone (Merck) will be used in this paper to identify a specific type 


of cortisone preparation, consisting of cortisone acetate formulated in suspending 
agents and containing 1.5 per cent benzyl alcohol as a preservative. The term 


| cortisone will be used in a broader sense to indicate the free steroid, its esters, or 








| whatever active substance it may be converted into in vivo. 
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homogenate technique, this system should alter on adrenalectomy (absence 
of cortisone plus the absence of other adrenal factors) and should be re- 
stored toward normal by treatment of the adrenalectomized animal with 
cortisone. We have used the rat as a test animal, attempting to correct 
for the salt effect in adrenalectomized rats by supplying 0.9 per cent 
NaCl rather than water, whether or not the animal received supplementary 
treatment with cortisone. The activities observed were compared to 


admittedly this is not an entirely complete picture of the possible variations 
in treatment, it is sufficient to reveal metabolic effects of cortisone de- 
monstrable by the homogenate method. Using this type of approach we 
have found two effects of adrenalectomy and treatment with cortisone 
upon the metabolism of kidney homogenates. These are as follows: (1) 
Proline oxidation by kidney homogenates decreases when the animal is 
adrenalectomized and is restored to normal by treatment with cortisone. 
(2) The adenylic acid (or adenosinetriphosphate) requirement of homo- 
genates is increased after adrenalectomy and restored to normal by treat- 
ment with cortisone. The increased adenylate requirement is reflected in 
the lowered rates of several reactions, activities of which are dependent 
upon adenylate. 

Since these are two separate aspects of the effects of adrenalectomy 
and cortisone, we have divided the information into two papers. 

Before considering proline oxidation in detail, it should be mentioned 
that with the exception of the effect of adenylic acid, to be described in 
Paper II, which indirectly affects some of the reactions listed, we have 
found no effect either of adrenalectomy or of cortisone treatment on the 
following reactions (the tissues studied are represented by K. = kidney, 
L. = liver, M. = muscle): a-ketoglutarate oxidase system (K., L.), oxal- 
acetate oxidase (K., L., M.), succinic oxidase (K., L., M.), lactic dehy- 
drogenase (K., L.), glutamic dehydrogenase (K., L.), acetoacetic oxidase 
(K., M.), octanoic acid oxidase (L.), transaminase (K., L., M.), and 
choline esterase (M.). 


Methods 


The rats, weighing approximately 150 gm., were adrenalectomized bi- 
laterally in the laboratory of Dr. H. C. Stoerk, to whom we are greatly 
indebted for this material. After adrenalectomy, the animals were pro- 
vided with a mixed adequate diet (except as specified) and with 0.9 per 
cent NaCl in place of drinking water. Treatment with cortisone con- 
sisted of the intramuscular injection of specified doses of Cortone,' 
supplied as a single daily dose. Conventional manometric methods (18) 
were employed throughout. All homogenates were prepared in isotonic 
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(1.15 per cent) KCl according to the methods described by Potter and 
Schneider (18) using ‘10 per cent homogenates;” that is, 1 part of tissue to 
10 parts of KCl. Isotonic sucrose homogenates gave identical results. 
Ammonia and carbon dioxide were determined as described elsewhere (18) 
and proline was determined colorimetrically on trichloroacetic acid filtrates 
by a slight modification of the ninhydrin method of Moore and Stein (19) 


| with a Beckman spectrophotometer (at 440 my). Glutamate was deter- 
hile | 





— 





mined by employing glutamic decarboxylase. In measuring oxygen up- 
take, a 6 minute equilibration period was used and measurements were 
begun 6 minutes after the ice-cold flasks, tissue, and reactants were placed 
in the Warburg bath at 37°. 


Results 


A typical curve for the oxidation of proline by kidney homogenates is 
given in Fig. 1; for the details of the exact conditions employed see the 
legend. With the first 20 minute period as the criterion of the rate of the 
reaction, results obtained with a larger series of animals are given in Table 
I. It is apparent that these results are statistically significant and that 
upon adrenalectomy the ability of a given quantity of kidney to oxidize 
proline was reduced by about one-half. Upon treatment with cortisone, 
the proline-oxidizing ability of the tissue was restored to normal (or in some 
cases, slightly above normal). 

The mechanism of proline oxidation was shown to be essentially that 
described by Taggart and Krakaur (20), and no difference in the course of 
the reactions could be detected between the adrenalectomized and corti- 
sone-treated systems. 

Conditions Which Affect Proline Oxidation—By using the standard sys- 
tem, as indicated in Fig. 1, for measuring the rate of proline oxidation a 
study was made of the time after adrenalectomy required before proline 


{ oxidation was affected. The data, given in Fig. 2, show that by 2 to 3 


days after adrenalectomy the decrease in ability to oxidize proline was vir- 
tually maximum and that it remained at the same level thereafter. 30 to 
60 days after adrenalectomy the same low rate of proline oxidation was ob- 
served. If cortisone (at 1 mg. per day) was given to the adrenalectomized 





rats, the rate was maintained at the normal level. If the proline oxidation 
rate were allowed to decrease and cortisone treatment instituted at 1 
week after adrenalectomy, approximately 7 days of treatment (at 1 mg. 
per day) restored full activity, but a detectable effect was noted after 2 
days of treatment. 

The amount of cortisone required for maintenance of activity after 





adrenalectomy is shown in Fig. 3, in which it appears that 0.5 mg. daily is 
an adequate amount. Throughout the entire study of proline oxidation, 
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various attempts were made to activate the homogenates from both the 
adrenalectomized and cortisone-treated rats by the addition in vitro of 
cortisone acetate, free cortisone, and heat-killed homogenates from both 
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Fig. 1. Oxidation of proline by kidney homogenates of adrenalectomized rats. 
Each flask contains 0.2 ml. of 0.1 m KeHPO.-KH2PO, buffer, pH 7.4, 0.4 ml. of 0.5 
mM KCI, 0.3 ml. of 0.01 m potassium adenylate, pH 7.4, 0.1 ml. of 0.1 m MgCle, 0.6 ml. 
of 10 per cent isotonic (1.15 per cent KCl) kidney homogenate (1 part of kidney to 
10 parts of KCl); where indicated 0.5 ml. of 0.1 m proline; volume to 3 ml. with iso- 
tonic KCl. Cold homogenized tissue added to iced flask and placed at 37°; read- 
ings begun after6 minutes. Gas phase air; KOH in the center well; temperature, 37°. 


TABLE [| 
Proline Oxidation by Isotonic Rat Kidney Homogenates 
Adenylate, 0.01 m; proline concentration, 0.015 m. 














Rat treatment No. of rats Qos 
Le Oj i cll Ly ARS ie ere tle a 10 25 + 4 
Adrenalectomized, on saline.................... 12 10 + 2 
" « “cortisone, 1 mg. 
PE iii cc sot cots = ok taco aoheuiaaaaek 10 26 + 4 





the adrenalectomized and cortisone-treated animals. In no case was aD 
effect observed in vitro (either stimulation or inhibition). Cortisone exerted 
its action only when supplied in vivo. Treatment of the adrenalectomized 


animal 
homog 

Prol 
prepat 
oxygel 


Fig. 
tomy. 


Fic 
tem i1 
series 
adren 





XUM 


. the 
ro of 
both 


rats. 
of 0.5 
.6 ml. 
ey to 
h iso- 
read- 
oe Lae 


AS aD 
erted 
nized 


W. W. UMBREIT AND N. E. TONHAZY 253 


animal with desoxycorticosterone acetate did not prevent the loss of the 
homogenates’ ability to oxidize proline. 

Proline oxidation was also studied in tissue slices. All the slices were 
prepared with adequate precautions as to thickness, isotonicity, etc. The 
oxygen uptake at 3 hours for the slices not supplied proline and those given 
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Fig. 2. Proline oxidation by kidney homogenates at intervals after adrenalec- 
tomy. Conditions of measurement as in Fig. 1. 
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Fia. 3. Dosage of cortisone required for maintenance of proline oxidation sys- 
tem in adrenalectomized rats. The usual range indicates values found for a larger 


series of animals at 0 and 1 mg. of cortisone daily. All animals tested 3 days after 
adrenalectomy. 
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proline, which one would presume to be a measure of proline oxidation, is 
given in Table II. The straight line oxidation continued for several 
hours. Thus the tissue slices in Krebs-Ringer solution showed a decreased 
ability (of the order of 40 per cent) to oxidize proline when the slices had 
been obtained from an adrenalectomized animal. In the KCl-potassium 
phosphate buffer (sodium and calcium are omitted) the oxidation of 
proline by the slices obtained from the adrenalectomized animal is only 30 
per cent of the normal (7.e. a decrease of 70 per cent in activity). The 
study of proline oxidation in tissue slices shows that, while the same effect 
which is observable in homogenates can also be demonstrated in the slice, 
the nature of the suspending medium is of great importance in determining 
the magnitude of the difference between the tissues from normal and 
adrenalectomized rats. We suggest that perhaps this is one of the reasons 


TaBLe II 
Proline Oxidation by Tissue Slices from Normal and Adrenalectomized Animals 
Data in terms of microliters of O2 for 3 hours per 100 mg. of wet weight of tissue. 




















. ‘ P. f | 
Medium With proline ae —_ — increase in oxygen 
ptake 
Normal, Krebs-Ringer solution 706 410 296 
Adrenalectomized, Krebs- | 
Ringer solution............. 754. | = 578 181 | 61 
Normal, KCI-PQ,*............. 675 318 357 
Adrenalectomized, KCI-POQ,....} 458 346 112 | 31 





* Phosphate buffer at pH 7.4. 


why there has been lack of agreement among investigators as to the effects 
of adrenalectomy on metabolism based on tissue slice techniques. 

With the establishment of the empirical fact that, upon adrenalectomy, 
homogenates prepared from the kidney exhibit a lowered proline oxidation, 
it became of interest to examine the effects of various vitamin deficiencies 
upon the rate of proline oxidation, since several vitamins have been thought 
to act by influencing adrenal function (21-23). If a lowered proline oxi- 
dation were obtained, this would not provide evidence that the vitamin 
did act by influencing cortisone production in the adrenal, since the vita- 
mins involved either in synthesizing the enzyme or in its activity are not 
known. But if a vitamin deficiency, which exhibits in physiological or 
other tests a similarity to the symptoms observed on adrenal insufficiency, 
did not decrease proline oxidation, the effect of the lack of the vitamin 
must be more complex than lack of cortisone. It should first be pointed 
out that the ability of the kidney to oxidize proline, or the difference 
between cortisone-treated and untreated adrenalectomized animals, is not 
dependent upon previous fasting of the animal. All of the data so far 
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presented are from rats fed ad libitum and food was available up to the 
moment that the animal was killed. Identical results, however, were 
obtained if the animals were fasted for an 18 to 24 hour period before 
killing. Therefore, any inanition or lack of appetite would not be expected 
to influence the proline oxidation reaction. The results obtained are given 
in Table III. It is apparent that the animals with various vitamin de- 
ficiencies do not lack the ability to oxidize proline and are therefore not 
lacking in cortisone. Whatever the effects of these vitamins may be in 
decreasing apparent adrenal function, they apparently do not eliminate 
cortisone. One further point requires consideration here. The proline 
oxidation effect is specific in the sense that it is evident with proline (but 
not with other amino acids oxidizable by rat kidney) and that cortisone 
but not desoxycorticosterone is active. The oxidation of proline in rat 








TaBLe III 

Effect of Vitamin Deficiencies on Proline Oxidation by Kidney Homogenates 

Rat treatment Qos on proline 
101171, An Re a eS eR eee ce MCN eee ke PL eAY ne a ho 24 
INDPOMAIGOLORRAEEEUN oto eo ert ke Ape IS ea hie ah eee eee 10 
me treated with cortisone....................... 26 
Viddmnin Se UEROIGNG: 85.0 2s lk Sones cw cen Pea ee 30 
MibGhavIn-OGHOIGUO «<0 ku os ee cee Road ee eee ee 21 
PRIAIMINO-AGHGIONG i255 ween cose ooo van dee ee ee. 21 
Pantothenid acid-GenGiony. os... s.660oc oeuccy dee eee is 27 
VitdininuBye-denerenes. so. es. 8h ine eth ee ee 28 








liver, however, was found to be (five in each group) for adrenalectomized 
rats, Qo, = 16 + 0.5, adrenalectomized and treated with cortisone, 
17.5 + 0.5. It is apparent that the proline oxidase of liver is much less 
affected (if at all) by adrenalectomy than that of the kidney. The relation 
of cortisone to proline oxidase thus has a further specificity in being related 
to cortisone in the kidney, but is apparently independent of cortisone in 
the liver. 

These facts necessarily limit considerations of the significance of the 
relation between cortisone control of proline oxidation and the mode of 
action of cortisone in the body. While it is possible, at least in theory, 
that the derangement of the metabolism of but one amino acid could 
produce wide-spread and profound effects in metabolism, such a derange- 
ment would certainly be expected to be evident in all tissues of the body. 
It is, for the moment, difficult to see any particular relation of proline to 
the effects of cortisone observed by other techniques. There is, of course, 
the fact that, of all the proteins, only collagen and edestin contain much 
proline, but even this fact may bear no relation to the variations in proline 
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metabolism. Therefore, at the moment it seems best to regard the proline 
oxidation reported here as a useful tool for the study of cortisone rather 
than as an attempt to assess its significance in the physiological réle of 
cortisone in the body. 


SUMMARY 


Upon adrenalectomy, the ability of kidney homogenates to oxidize 
proline is decreased. This ability is restored to normal by cortisone treat- 
ment. The decreased proline oxidation is evident 2 to 3 days after adre- 
nalectomy. The proline system may be restored by cortisone treatment, 
but as much as a week of continued treatment is necessary. The amount 
of cortisone required for maintenance of the proline system is 0.5 mg. daily. 
Treatment of the adrenalectomized animal with desoxycorticosterone did 
not maintain proline oxidase ability; treatment with cortisone or whole 
adrenal extract did. The differences in proline oxidation are evident in 
tissue slices as well as in homogenates. Various vitamin deficiencies did 
not decrease kidney proline oxidase. The effect observed seems to be 
peculiar to the kidney and is not evident in a comparison with liver proline 
oxidation. 
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THE METABOLIC EFFECTS OF CORTISONE 
II, THE ADENYLATE SYSTEM 


By W. W. UMBREIT anp N. E. TONHAZY 
(From the Merck Institute for Therapeutic Research, Rahway, New Jersey) 


(Received for publication, January 18, 1951) 


In the course of studies on the differences among normal, adrenalectom- 
ized, and adrenalectomized rats treated with cortisone, as described in 
Paper I (1), it was noted that the oxidation of a wide variety of substances 
tended to decrease upon adrenalectomy. This effect has been traced to a 
relationship between cortisone and the adenylate requirements of homo- 
genates. The effect of the adenylate system is apparent in those enzyme 
mechanisms requiring adenylate for function, whether they are otherwise 
under the control of cortisone or not. Thus, it is observed in the proline 
oxidation system (1), as well as in the oxidation of a-ketoglutarate, 
fumarate, oxalacetate, etc. Since the succinate-oxidizing system is not 
dependent upon an adenylate system, the adenylate effect is not evident 
with this substrate. By the term “adenylate system” we mean adenylic 
acid, adenosinediphosphate, or adenosinetriphosphate (ATP), all of which 
are essentially equivalent and interconvertible when added to tissue homo- 
genates and which it is necessary to add to such homogenates in order to 
observe activity. 


Results 


The essential methods have been described in Paper I (1). The data of 
Table I show the ability of kidney preparations to oxidize a variety of 
substrates. It will be noted that, as a result of adrenalectomy, the oxi- 
dation (at the level of adenylate employed) of all the substrates studied 
(except succinate) was decreased below normal. The fact that succinate 
was essentially unaltered suggested that perhaps the effect was one related 
to the adenylate system. This was first studied with the proline system 





described previously (1). 

Data obtained with proline are given in Fig. 1. First, it will be noted 
that, in the homogenates from normal or from adrenalectomized rats 
treated with cortisone (Curve A), the amount of adenylate needed for 
essentially maximum activity is of the order of 1 X 107? m. (This is the 
usual level of adenylate employed in tissue homogenates.) In most ani- 
mals, shortly after adrenalectomy (from the 1st to the 3rd day) (Curve B) 
the adenylate required to reach essentially maximum activity is the same 
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(1 X 10-*m). The rate of proline oxidation, of course, never reaches that 
possible in the presence of cortisone, but, as far as the adenylate require- 
ments are concerned, 1 X 10-* M appears adequate in both cases. In 


TasB_eE I 
Oxidation by Rat Kidney Homogenates in Isotonic KCl 




















Treatment of rats 
Substrates* : Adrenalectomized, | 
necaate mi | Ge | ae Es 
Qot Qoz Qo | 
PONG eto Sluis castes 5+1 3241 38+ 2 
Pyruvate and fumarate... 44 + 6 36 + 5 38 + 3 18 
SY Lt 36 + 2 36 + 2 36 + 2 0 
GlUtAMIAtE ... 6c... cca 35 + 3 2541 38 + 2 29 
a-Ketoglutarate.......... 47 + 3 33 + 2 41 + 2 30 
RNG ais os cee eca ce 25 + 4 10 + 2 26 + 4 | 60 





* All substrates supplied at 0.016 m, supplemented with adenylate at 0. 001 m. 
+ Treated with 1 mg. of cortisone daily. 
t Qo. based on the first 20 minutes of respiration. 
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Fic. 1. Effect of adenylate concentration on proline oxidation. Oxygen uptake 
per 20 minutes. 





our experience an occasional rat shows an increased adenylate requirement 
(resembling that of Curve C) even before 3 days after adrenalectomy. 
In periods after adrenalectomy longer than 7 days a different type of 
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adenylate requirement (Curve C, Fig. 1) is observed. The homogenate 
requires 2 X 10-* m adenylate to reach maximum activity. After adre- 
nalectomy some change has taken place in the homogenate which causes it 
to require more adenylate. This effect of cortisone gives rise to two ques- 
tions. First, what is the nature of the change which occurs in the absence 
of cortisone? Second, is this change the cause of the lowered respiration 
on the substrates listed in Table I (other than proline)? 

The proline system was employed to study the first question. Data on 
five adrenalectomized rats of each group show that there is no significant 
difference between the use of adenylate or ATP. On proline, Qo, for 
adenylic acid = 11 + 3, for ATP, 15 + 3; treated with cortisone, Qo, for 
adenylic acid, 25 + 2, for ATP, 27 + 3. Second, one might postulate 
that there was greater destruction of adenylic acid in the system from 
adrenalectomized animals. If the destruction of adenylate were causing 


TABLE II 


Effect of Concentration of Adenylate System on “Survival Time’’ of Isotonic Kidney 
Homogenates Oxidizing Proline 











Adrenalectomized rat 
Adenylate supplied 
Untreated Treated with cortisone 
siitin M min. min. 
0.001 15 20 
0.002 25 32 
0.003 28 42 








the homogenate to lose activity, then the addition of more adenylate 
should prolong the period during which proline is oxidized at its maximum 
rate. By using the straight line portion of the oxidation curve as a measure 
of the “‘survival time” of the homogenate, the data contained in Table IT 
show that increasing adenylate increases the “‘survival time.” 

If, however, the effect of adrenalectomy were simply an increase in the 
rate of adenylate destruction, this should be evident by direct measurements 
of adenylate breakdown. As evidenced from Table III, however, the 
rate of breakdown of adenylate in such homogenates is not significantly 
different between the untreated and cortisone-treated adrenalectomized 
animals. Therefore the effect is not solely one of increased adenylate 
breakdown, but rather appears to be that of some component of the oxida- 
tion system which is influenced by the concentration of adenylate. 

This is also evident in the studies with NaF inhibition. The addition 
of NaF (0.016 m) decreases the adenylate requirement considerably 
(1.0 X 10-* m is adequate for maximum activity) and the life of the homo- 
genate is greatly lengthened. Rapid oxidation is maintained usually for 
at least 90 minutes. Data showing the effect of NaF on the oxidation of 


XUM 








260 METABOLIC EFFECTS OF CORTISONE. II 


proline are given in Fig. 2, A and AA. It will be noted that at this low 
level of adenylate (1.0 X 10-* m) there is a marked difference in proline 
oxidation between the homogenates from cortisone-treated and untreated 


Tas_e III 
Adenylic Acid Deamination by Kidney Homogenates 
System employed, 0.1 ml. of 0.1 m potassium phosphate buffer, pH 7.4, 0.2 ml. of 
0.5 m KCI, 0.7 ml. of 1.15 per cent KCl (isotonic), 0.3 ml. of 0.1 m adenylate (pH 
7.4), 0.1 ml. of 0.1 m MgSO,, 1 ml. of 10 per cent homogenate of kidney. Incubated 
at 37° with shaking; gas phase, air. Replicates stopped at 0, 15, 30, and 45 minutes 


in 0.3 ml. of perchloric acid and centrifuged; ammonia determined on supernatant 
via nesslerization. 









































Treatment of rat NH: “—_ Rage’ Reape. ry per hr. 
uM 
IOP CTe 00S) ne pC ACOe ae ie CaP ee 0.200 + 0.049 
ee treated with cortisone.................... 0.234 
WATEnAIGCTOMUISE «.... ein Skies c hcled eben vesin sees 0.380 + 0.071 
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200 A 200 B 200) D 
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w J 
_@—untreated a 
¥ Z 
hog Proline 
30 60 min 30 60 30 60 
en AA sinless C 200 E : 
a NSF Succinate 7 Fumarate _/ 
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Fig. 2. Oxidation by kidney homogenates with NaF. Contents of flasks con- 
tained 0.2 m potassium phosphate buffer, pH 7.4, 0.3 ml. of 0.1 m potassium adenyl- 
ate, pH 7.4, 0.5 ml. of 0.1 m NaF, 0.1 m MgSO,, 0.1 ml. of substrate at 0.1 m, 0.6 ml. 
of 10 per cent kidney homogenate (isotonic KCl), and isotonic KCl to total volume 
of 3 ml. KOH in the center well; gas phase, air. Flask and tissue ice-cold at start; 
after 6 minutes in a water bath (37°), readings taken as indicated. X, adrenal- 
ectomized cortisone-treated rat; @, adrenalectomized rat. 
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adrenalectomized rats (Fig. 2, AA). This difference remains in the pres- 
ence of NaF, but, in this case, the activity of the homogenate remains for 
a much longer time (Fig. 2, A). It appears therefore that the destructive 
factors causing the loss of activity of the homogenate are held in check by 
NaF. The effect of cortisone is, however, still evident. 

If NaF is inhibiting the destruction of some cofactor, whose breakdown 
the presence of adenylate also tends to inhibit, then the preparations with 
NaF should tend to approach those with excess adenylate. From Fig. 1 
it is apparent that, at 3 X 10-* m adenylate, in the cortisone-treated 
animal 130 ul. of O2 per 20 minutes are taken up (Qo, = 27.8), while in 
the system from the adrenalectomized animal Qo, = 17.5; that is, the 
untreated system is operating at 62.5 per cent of the rate of the corti- 
sone-treated one. While there is some variation, the average of five adre- 
nalectomized rats treated with cortisone was Qo, =: 17.1 + 2, seven un- 
treated animals, Qo, = 11.3 + 2, or the untreated system was operating 
at 64 per cent of the rate of the one supplied with cortisone. 

The data of Fig. 2 also provide the answer to the question of whether the 
change in adenylate requirement is the cause of the lowered respiration on 
substrates other than proline (listed in Table I). Since in the presence of 
NaF there is essentially no difference in any substrate tested except proline, 
it appears that there is no effect per se of adrenalectomy upon the oxidation 
of the other substrates, but only an indirect one via the adenylate system. 
It is possible to achieve the same result by supplementation of the homo- 
genate with 3 X 10-* m adenylate, in which case all substrates except 
proline are oxidized at essentially the same rate in the systems prepared 
from both the adrenalectomized animals or those treated with cortisone. 

The data of Fig. 2 also serve to show that the effect of adrenalectomy in 
lowering the activity of the proline-oxidizing system must be primarily 
upon the step from proline to glutamic acid (2), since there is no effect on 
glutamic acid or on subsequent members of the reaction chain. 


SUMMARY 


After adrenalectomy there is an increase in factors causing the destruc- 
tion of activity in isotonic homogenates of kidney. These destructive 
factors may be counteracted by increasing the adenylate additions to such 
homogenates or by NaF. When this is done, the oxidation of glutamate, 
a-ketoglutarate, succinate, fumarate, and citrate is uninfluenced by adre- 
nalectomy or treatment with cortisone, but the oxidation of proline re- 
mains at a lowered level after adrenalectomy. 
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MECHANISM OF THE KETOGENIC EFFECT OF 
AMMONIUM CHLORIDE 


By RICHARD O. RECKNAGEL* anp VAN R. POTTER 


(From the McArdle Memorial Laboratory, Medical School, 
University of Wisconsin, Madison, Wisconsin) 


(Received for publication, January 9, 1951) 


When ammonium chloride is added to liver mince (1) or to rat liver 
slices (2), there is an increase in ketone body production. In the ab- 
sence of other possibilities, it was earlier suggested (3, 4) that the ketone 
bodies arising on addition of ammonium chloride were coming from ace- 
tate formed during the “acetylation amination” of a-keto acids. Ac- 
cording to this view, amination of a-keto acids is an oxidative process 
involving condensation with ammonia and pyruvate to yield carbon di- 
oxide and the corresponding N-acetylamino acid, which, on hydrolysis, 
would then yield the corresponding a-amino acid and acetate, the latter 
condensing to form acetoacetate. However, it has not been possible to 
bring experimental evidence to bear on the formation of ketone bodies 
through such a mechanism. 

More recently, a knowledge of the reductive amination of a-ketoglutaric 
acid to glutamic acid (5-7) has led to the concept of ammonia fixation 
by reductive amination, followed by transamination (8-10). In addi- 
tion, experiments with liver homogenate by Krebs et al. (11), and un- 
published experiments! from this laboratory, indicated that the primary 
locus of action of added ammonia, even under aerobic conditions, was 
in the reductive amination of a-ketoglutaric acid. Meanwhile, the ex- 
periments of Lehninger (12) had clearly shown that ketone body pre- 
cursors (pyruvate, octanoate) would form acetoacetate in liver in the 
absence of oxalacetate, and that degradation via the Krebs citric acid 
cycle was the preferred pathway provided oxalacetate was available. 
These considerations suggested that the ketosis induced by ammonium 
chloride might be due fundamentally to the absence of oxalacetate, a con- 
dition brought about by the preferential removal of a-ketoglutarate, in 
the presence of added ammonia, to glutamic acid. The experimental data 
presented in this paper support such a mechanism for the ketosis induced 
by ammonium chloride. 





* National Research Council Fellow in Zoology,1949-50. 
1 Ackermann, W. W., and Potter, V. R., unpublished. 
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EXPERIMENTAL 


General—The conventional Warburg apparatus was used. Well fed 
male rats,? 3 to 6 months old, weighing between 200 and 230 gm., were de- 
capitated, bled, and the livers excised and chilled to 0° before further 
treatment. Liver slices were cut in the cold to a thickness of 0.5 mm. 
in an apparatus essentially that of Stadie and Riggs (13), and suspended 
in Medium Al of Robinson (14), to which the appropriate substrates 
were added. Glucose was omitted. Oxygen was used in the gas phase; 
the temperature was 38°. One slice was used per flask. Final dry weights 
varied between 10 and 20 mg. Data from the liver slice experiments are 
expressed as Q values; 7.e., microliters per mg. of dry weight per hour. 
1 po of any substance is taken as equivalent to 22.4 ul. 

Homogenates were prepared in the Potter and Elvehjem homogenizer 
(15) at concentrations of 10 to 20 per cent, in an ice-cold medium of the 
following composition: 5.75 gm. of KCl, 16 mg. of KHCQs, 494 ml. of H,0, 
pH adjusted to 7.6. The ice-cold homogenates were pipetted directly 
into the iced Warburg flasks containing all the necessary additions, and 
equilibrated for 10 minutes at 38° before oxygen uptake measurements 
were made. 

The homogenate system employed was essentially the ‘‘oxalacetic acid 
oxidase” system of Potter ef al. (16). The main constituents were not 
varied and had the following final concentrations: 0.067 mM KCl (not in- 
cluding the KCl of the homogenate), 3.3 X 10-? mM MgCh, 6.7 X 107° u 
potassium phosphate buffer of pH 7.4, 1 X 10-* m adenosinetriphosphate 
(K salt). The final pH was 7.2; the final volume was 3.0 ml. Other 
additions, such as cytochrome c, diphosphopyridine nucleotide (DPN), 
and nicotinamide, are indicated in connection with the pertinent data. 

Pure adenosinetriphosphate and 80 per cent pure DPN were obtained 
from Dr. G. A. LePage. Cytochrome ¢ was prepared according to the 
method of Keilin and Hartree (17), as described by Potter ((18) p. 211). 
The oxalacetic and a-ketoglutaric acids used were supplied through the 
courtesy of C. Heidelberger and W. W. Ackermann, respectively. 


Analytical Methods 


Pyrwvic acid disappearance was followed by the direct method for total 
keto acids (19). Although a-ketoglutaric and oxalacetic acids react under 
these conditions, it was shown by chromatography (20) that the level of 
a-ketoglutaric acid did not exceed 0.2 um per flask, while the level of oxal- 
acetic acid was not detectable. Acetoacetic acid interferes to the extent 
of 10 per cent in the direct method, but the maximum amount present 


2 Holtzman-Rolfsmeyer Company, Ma-lison, Wisconsin. 
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was always small enough to make corrections of little significance. B- 
Hydroxybutyric acid was determined by the method of Greenberg and 
Lester (21) after boiling to remove acetoacetic acid and after treating 
with copper lime (22) and then with Ca(OH). alone to remove citric acid. 
Acetoacetic acid was determined by Lehninger’s modification’ of the method 
of Greenberg and Lester (21). Protein-free filtrates containing aceto- 
acetic acid equivalent to 5 to 30 y of acetone were brought to pH 5.0 in 
a volume of 1.5 ml. Molar acetate buffer (pH 5.0, 0.5 ml.) and 4 m aniline 
hydrochloride (2.0 ml.) were added, and the mixture was incubated in 
glass-stoppered test-tubes for 90 minutes at 30°. The acetone 2 ,4-di- 
nitrophenylhydrazone was then formed (21) and extracted into 5.0 ml. 
of CCl, with prolonged (50 minutes) shaking. The CCl, layer was washed 
twice with H,O and once with 0.5 n NaOH to remove any excess reagent 
and pyruvic acid 2,4-dinitrophenylhydrazone, and read at 420 my. £B- 
Hydroxybutyric acid is completely inert in the procedure, and pyruvic 
acid does not interfere. When this method was tested with acetoacetic 
acid prepared according to Ljunggren (23), the results agreed with those 
obtained by the use of the aniline citrate method ((2), (18) p. 175) within 
+3 per cent. 

Glutamic acid was measured according to the manometric method of 
Gale (24). The glutamic decarboxylase of Clostridium welchit SR12 was 
a gift from Dr. P. P. Cohen. This enzyme has some activity against 
aspartic acid (10). In some experiments the specific glutamic decarboxy- 
lase of Escherichia coli (American Type Culture Collection strain 4157) 
was used. The enzyme was prepared according to Umbreit and Gunsalus 
(25) with slight modifications. At pH 5.0 and 38°, the enzyme had a 
Qco, (glutamic acid) of 60 and was completely inactive against L-aspartic 
acid and pi-alanine. Lactic acid was measured according to the method 
of Barker and Summerson (22), as described by LePage ((18) p. 192), 
citric acid by the method of Natelson et al. (26), as employed by Potter 
et al. (16). Flask contents were deproteinized by addition of 0.3 ml. of 
50 per cent perchloric acid. If glutamic acid was to be measured, 0.5 ml. 
of 2.00 n HCl was added; the pH was then adjusted to 5.0, and the pre- 
cipitated protein was removed by centrifugation. 


Results 


Inver Slices—Four experiments with liver slices from fed rats were in 
close agreement and completely confirmed the ketogenic effect of am- 
monium chloride as described by Edson (2). In the presence of 20 um of 
pyruvate, the Qacac was 0.73 without added ammonium chloride. When 


8 We are indebted to Dr. A. L. Lehninger for giving us unpublished details, made 
available here through his permission. 
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ammonium chloride was added to a final concentration of 0.04 m, ace- | gsenat 
toacetate production was increased almost 4-fold (Qacac = 2-67). The | PYM 


endogenous production of acetoacetate was low (Qacac = 0.51) and rose We 
to Qacac = 0.78 on addition of ammonium chloride. With pyruvate as to th 
sence 


substrate, 8-hydroxybutyric acid production was increased from Qson = 
0.18 without added NH; to 0.26 when ammonium chloride was added. piled 


No endogenous 6-hydroxybutyric acid was found. Addition of ammonium ve 
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chloride lowered oxygen consumption and lactic acid production about | exper 
25 per cent; pyruvic acid disappearance was depressed about 10 per cent. | nate, 

Liver Homogenates. Malonate Effect—Lehninger (12), using washed resi- | (cf, F 
dues of rat liver homogenates, showed that pyruvic acid has two major | due t 
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the other to citrate. If adequate levels of the dicarboxylic (C,) acids | condi: 
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genate results in a similar increase in the production of acetoacetate from 
pyruvate. 

We first established the properties of the whole homogenate with respect 
to the oxidation of pyruvic acid, both in the presence and in the ab- 
sence of a functioning Krebs citric acid cycle. The data of Fig. 1, com- 
piled from a number of experiments, confirm Lehninger’s basic observa- 
tion concerning the alternative pathways open to pyruvate. Without 
added intermediates of the Krebs citric acid cycle, 75 per cent of added 
pyruvate is converted to acetoacetate. That this is due simply to the di- 
lution of the intermediates of the Krebs cycle is evident from the marked 
depression in acetoacetic acid production resulting from addition of fu- 
maric acid. Similar results were obtained on addition of oxalacetate, 
malate, succinate, a-ketoglutarate, and citrate. Even with the highest 
levels of added fumaric acid, only 1 um of B-hydroxybutyric acid was 
found, indicating that the decrease in the yield of acetoacetic acid in the 
presence of fumarate was not due to extensive formation of 6-hydroxy- 
butyrate. When malonate was added, pyruvate was converted to 
acetoacetate quantitatively. These experiments show that in the whole 
homogenate, in the presence of adequate amounts of the C, acids, the path- 
way of pyruvate to citrate has a high priority over the pathway to aceto- 
acetate: 

Ammonia Effect—The ketosis resulting from addition of ammonium 
chloride to the whole homogenate is shown in Fig. 2. In experiments in 
which the reaction was followed at shorter time intervals, it was estab- 
lished that the linear rate of conversion of pyruvate to acetoacetate was 
maintained down to levels of pyruvate approaching 0.1 um per flask or 
less. A maximum ketogenic effect can be obtained with as little as 9 um 
of added ammonium chloride. The ketosis induced by ammonia is easily 
prevented by addition of an equivalent quantity of fumarate. Glutamate 
acts like a-ketoglutarate, and not like ammonia; 7.e., addition of glutamate 
depresses acetoacetic acid production from pyruvate. Occasionally, in 
experiments with added ammonium chloride, and rarely with added malo- 
nate, conversion of pyruvate to acetoacetate was less than quantitative 
(cf. Fig. 3). The reason for this finding is not clear, but is believed to be 
due to correspondingly high endogenous levels of the Krebs cycle inter- 
mediates convertible to oxalacetate under the respective experimental 
conditions. 

Non-Utilization of Acetoacetate—The quantitative estimation of the ex- 
tent of the conversion of pyruvic acid to acetoacetic acid in these homo- 
genate systems and the effects of various additions on this conversion 
depend on the fact that acetoacetate, once formed, is not further metab- 
olized, except for the very small amounts reduced to 6-hydroxybutyric 
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acid under certain conditions. That significant quantities of acetoacetic 
acid were not metabolized, even in the presence of added fumarate, was 
shown by the following experiment. Acetoacetate production from py- 
ruvate was followed in a rat liver homogenate system to which ammonium 
chloride had been added. In parallel flasks, fumarate was tipped in from 
the side arm after 20 and 40 minutes of incubation. The reactions were 
stopped at 20 minute intervals for the next 60 minutes, and the contents 
of the flasks were analyzed for pyruvic, acetoacetic, and 6-hydroxybutyric 
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Fia. 2. Ketogenic effect of NH,Cl. Conditions, per flask, 100 mg. of whole rat 
liver homogenate, 20 um of pyruvate, and either 12 um of malonate or 30 um of NH,CIl. 
The dash line corresponds to the maximum possible recovery of acetoacetic acid 
calculated on the basis of pyruvic acid disappearance. 


acids. The data are shown in Fig. 3 and clearly indicate the abrupt cessa- 
tion of acetoacetic acid production when fumarate was added to the sys- 
tem. The slight depression in the level of acetoacetic acid following ad- 
dition of the fumaric acid was completely accounted for by reduction to 
B-hydroxybutyric acid, as demonstrated by analyses. This indicates that 
no condensation of acetoacetic acid with fumaric acid occurred in these 
liver homogenate systems. The conclusion that acetoacetic acid is not 
significantly metabolized by rat liver homogenates supports those of Lehn- 
inger (12) and of Buchanan et al. (27) to the effect that liver tissue does 
not utilize acetoacetic acid to any appreciable extent. 

Mechanism of Ammonia Effect—Krebs, Eggleston, and Hems (11) 
demonstrated that the rat liver homogenate would synthesize glutamic 
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stie | acid vigorously from certain precursors (citrate, a-ketoglutarate) in the 
vas | presence of added ammonia. On the basis of this observation it seemed 
py- | likely that the ketosis induced by ammonium chloride was due to the 
um } same general mechanism that caused the ketosis induced by malonate; 
om | viz., the failure of the system to deliver adequate levels of oxalacetate 
ere | for the Krebs condensation. It appeared that addition of ammonia re- 
nts | sulted in an interruption of the Krebs citric acid cycle at the stage of 
ric | a-ketoglutarate oxidation to succinate, and that in the presence of added 
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acid flasks contained either 30 um of NH,Cl or 20 um of fumarate. The arrows indicate 
addition from the side arm of 20 um of fumarate to flasks already containing NH,Cl. 
Dash line, same as in Fig. 2. 
ssa- | 
sys- ammonia a-ketoglutarate was preferentially removed via reductive amina- 
ad- | tion to glutamate. If a-ketoglutarate is preferentially converted to gluta- 
1 to | mate in the presence of added ammonia, then it could be expected that 
hat | the catalytic effect of small amounts of added fumaric acid on pyruvate 
nese | 0Xidation would soon be exhausted, as the recycling of the added fumaric 
not | acid was prevented. Failure of the ammonium chloride system to re- 
‘hn- | generate the C, acids of the Krebs cycle could in turn be expected to result 
joes | 2 a Switch in pyruvate oxidation to acetoacetate formation as the supply 
of added fumaric acid was used up. In the presence of ammonium chloride 
(11) | the homogenate system containing an excess of added pyruvate should 
mic | therefore exhibit a delay in the onset of ketosis in proportion to the amount 
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of added fumaric acid. Furthermore, once initiated, the rate of the con- 
version of pyruvate to acetoacetate should be independent of the time of | 
onset of the ketosis, and, finally, since recycling of the added fumarate is 
prevented, there should be a deficit in the final quantities of acetoacetic 
acid produced corresponding stoichiometrically to the amount of fumarate 
added. All of these expectations were repeatedly borne out by experiment. 
Typical data are shown in Fig. 4, A and 4, B, which present data for two 
different rats. 

Recovery of Added Fumaric Acid—Net recoveries of glutamic acid from 
experiments on five different rats are shown in Table I. Addition of 
fumaric acid to the whole rat liver homogenate, in the presence of pyruvate 
and ammonium chloride, leads to a marked production of glutamic acid. 
No net increase in glutamic acid was observed if either ammonium chloride 
or fumaric acid was omitted from the system. If the theory advanced 
in this paper to explain the ketogenic effect of ammonium chloride is 
correct, the added fumaric acid should all be metabolized beyond the stage 
of oxalacetate at the time of onset of the ketosis, and should therefore 
be accountable as glutamic and citric acids at this time. In Fig. 5 are 
shown the results of analyses for these two acids for the experiment re- 
corded in Fig. 4, B, in which the ketosis began after 30 minutes of incuba- 
tion. The plot of the sum of citrate plus glutamate reveals that about 
85 per cent of the added fumaric acid had already been metabolized past 
the level of oxalacetate after 40 minutes of incubation. The glutamic 
decarboxylase of C’. welchit was used to measure production of glutamic 
acid. In a similar experiment in which the glutamic decarboxylase of 
E. colt was used for measurement of glutamic acid, the sum of citrate plus 
glutamate accounted for 60 per cent of added fumaric acid at 30 minutes 
of incubation, but a maximum recovery of only 75 per cent was reached 
on further incubation. The same early rapid production of citric acid 
was observed, followed by a fall in the citric acid and a rise in the glutamic 
acid concentration of the medium. These data support the hypothesis 
that, in the presence of added ammonium chloride, the onset of the ketosis 
is coincident with the reduction of the concentration of the C, acids to a 
point at which the condensation reaction can no longer occur. 

Effect of CO.—Formation of oxalacetate via fixation of CO, in the Wood- 
Werkman reaction (28) could be expected to result in a decrease in the 
conversion of pyruvate to acetoacetate. Data from an experiment de- 
signed to test this possibility are shown in Table II. Addition of | 
ammonium chloride alone exerted a pronounced ketogenic effect. If 4 um Fi 
of fumarate were added in addition to ammonia, the deficit in the final | ™°" 

nae of py 
recovery of acetoacetate corresponded exactly to 4 um of pyruvate, indi-  ga4a4 
cating that, in the presence of added ammonia, fumarate and pyruvate feren 











XUM 





On- 
2 of | 
e is 
etic 
rate 
ent. 
two 


rom 
of 
Tate 
cid. 
ride 
iced 
e is 
jage 
fore 
are 
| Te 
1ba- 
out 
past 
mic 
mic 
e of 
plus 
utes 
shed 
acid 
Mic 
1eSIS 
tosis 
to a 








ood- 

the 

de- 
1 of 
4 uM 
final 
indi- 
vate 


XUM 


R. O. RECKNAGEL AND V. R. POTTER 271 















20+ 
IMAX. THEOR. 
w 
= ist RN FUMARATE + NHgCL 
S ») 
S 
w 
$ 
< 10} 
: 
S Ff 
= 
a 
Sy mM_FUMARATE 








0 10 20 30 40 50.60 MIN 90 




















Fig. 4, A . 
20+ 
wy MAX. THEOR. MALONATE 7""35°7"~" 
Lo] 
~ 
wy 
© I5F 
z 
9S 
wN 
3 
x 
9 OF (UMARATE + NHACL 
ins 
\y 

ly 
& © € 
= A 
Si 6 
a 
= 
sy 

O10 2030-40-50 60 MIN 90 

Fia. 4, B 


Fia. 4. Delayed NH,Cl ketosis in the presence of varying amounts of added fu- 
maric acid. Conditions, per flask, 100 mg. of whole rat liver homogenate, 20 um 
of pyruvate, and either 12 um of malonate or 30 um of NH,Cl, with fumarate as indi- 


cated. Dash lines, same as in Fig. 2. A and B represent experiments on two dif- 
ferent rats. 
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reacted stoichiometrically. Under conditions favoring fixation of CO,, 
the deficit in the final production of acetoacetate was 2.2 um of pyruvate, 
indicating that one-half of this amount, or 1.1 ym of pyruvate, had been 
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the experiment reported in the last line, in which 150 mg. of liver were used. 











¢| THEORETICAL MAXIMUM 2 
oe 
c+ 
wv iy 
VY We 
4 Q r) 
2 x 
8 is 
G 3F .) 
& 
2) N, 
_. > 
S o 
= 
S Ir ° ° 
= ‘ Rare 
e 





10 2030405060 MIN 90 


Fia. 5. Recovery of added fumaric acid (see the text) 


fixed as oxalacetate. 


Assuming the dry weight as 30 per cent of the wet 


weight, the rate of fixation of CO. in terms of the production of oxalacetate 


Was Qoxalacetate = 1.03. Stern (29) found no increase in the sum of suc- 
cinate and a-ketoglutarate on addition of pyruvate to rat liver mince 


treate 
detect 
reacti 
perim 
more 
rate 0 
ments 

Eff 
conce 
of Oz 
or ac 
fuma: 
the n 


30 BM 
30 6eé 
30 “ce 
4 “cc 








Co 
batio1 
ate-C 


half — 
2.67 
on tl 
treat 
was - 
fortif 
tem 7 
acid. 
| Oc 
| 3 pM 

obse! 
and 
octar 
cent. 
able 
' of a 











R. 0. RECKNAGEL AND V. R. POTTER 273 
O., | treated with malonate. He emphasized that the failure of his method to 
ite, | detect fixation of CO: indicated only that the rate of the Wood-Werkman 
een | reaction in the mammalian liver was below Qoxatacetate = 1.0. Our ex- 

' ) periments, in which conversion of pyruvate to acetoacetate was used as a 
more sensitive measure of the availability of oxalacetate, indicate that the 
rate of this reaction in rat liver is near the limit of detection in the experi- 
ments of Stern. 

Effect of Cytochrome c and DPN—Addition of cytochrome c to a final 
concentration of 2.67 X 10-° m had a slight stimulatory effect on the rate 
of Oe consumption. It had no effect on the rate of pyruvic acid removal 
or acetoacetate production, either with added malonate or with added 
fumarate. However, as in the case of kidney (30), cytochrome c increased 
the maintenance of activity by 30 per cent, as indicated by the time to 
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Conditions, 80 mg. of whole rat liver and 20 um of pyruvate per flask. Incu- 
bation time, 60 minutes. No alkali absorbers in flasks containing added bicarbon- 
ate-COrc. 


half the maximum rate of O2 consumption. Addition of cytochrome c 
2.67 X 10-5 m, DPN, 1200 y, and nicotinamide, 30 um, had little effect 
on the rate of conversion of pyruvate to acetoacetate in the malonate- 
treated system, although the rate of removal of pyruvate from the system 
was increased about 20 per cent. Analysis for lactic acid in the DPN- 
fortified system revealed that all the pyruvate disappearing from the sys- 
tem which could not be accounted for as acetoacetate was present as lactic 
acid. In the absence of added DPN, less than 0.5 uo of lactate was found. 

Octanoate Oxidation—With 112 mg. of whole rat liver homogenate and 
3 wm of added octanoic acid, and in the presence of 12 um of malonate, we 
observed a vigorous O2 uptake, and recovered acetoacetate in yields of 91 
and 93 per cent of the theoretical 2 moles of acetoacetate per mole of 
octanoate utilized. With 48 and 80 mg. of tissue, the yields were 80 per 
tate | cent. In the absence of malonate, and on addition of fumarate, we were 
suc- | able to depress the yield of acetoacetate down to, but not below, 1 mole 
nce ' of acetoacetate per mole of octanoate. Lehninger and Kennedy (81), 
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using washed residues from rat liver, obtained a much greater depression 
of octanoate conversion to acetoacetate in the malate-supplemented sys- 
tem (acetoacetate yield, only 13 per cent of the theoretical maximum). 
However, our experiments with octanoate oxidation confirm in general 
those of Lehninger (12) and of Lehninger and Kennedy (31), which indi- 
cate that availability of oxalacetate is the controlling mechanism in the 
disposition of ketone body precursors arising from oxidation of octanoic 
acid. 


DISCUSSION 


These data have certain implications regarding the control of metabolic 
pathways in the whole organism. In tio separate instances, a substrate 
having two alternative metabolic pathways open to it was shown to pro- 
ceed preferentially by one pathway when a second substrate was available 
and to proceed via another pathway when the second substrate was not 
available. In these experiments it was possible to arrange the conditions 
so that other potential reactions were minimized and the maximum shifts 
were obtained. It is recognized that the controlling mechanisms in the 
utilization of pyruvate in the liver of the intact animal will involve many 
controlling factors not operating in the reaction systems employed here. 
However, by limiting the reactions to two main alternatives, it became 
feasible to demonstrate the decisive réle played by the delivery of the 
second substrate. The extent to which these mechanisms operate in the 
intact animal can only be shown by experiments designed to this end. 
Unpublished studies on rats injected with fluoroacetate have shown that 
the accumulation of citrate in liver in vivo can be greatly modified by al- 
tering the conditions of the experiment along lines suggested by the data 
reported above. 


SUMMARY 


The ketogenic effect of added ammonium chloride in the rat liver slice 
has been confirmed and the phenomenon has been extended to the rat 
liver homogenate, supplemented with adenosinetriphosphate, magnesium, 
potassium, and phosphate. Data are presented which indicate that the 
ketosis induced by ammonium chloride involves the following steps: (1) 
a primary vigorous reductive amination of a-ketoglutaric acid to form 
glutamic acid; (2) because of the interruption of the Krebs cycle at the 
stage of a-ketoglutarate oxidation to succinate, the system fails to supply 
levels of oxalacetate sufficient for the Krebs citric acid condensation; (3) 
with the preferential pathway to citric acid formation no longer avail- 
able, the metabolism of ketone body precursors is shunted in the direction 
of acetoacetate formation. 
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INFLUENCE OF DIETARY PYRIDOXINE ON GLUTAMIC 
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y-Aminobutyric acid is present in the free form in large amounts in brain 
(1-3), where it is formed from glutamic acid by a L-glutamic acid decarbox- 
ylase (2, 4, 5). The enzyme requires pyridoxal phosphate as coenzyme 
(5), which can be synthesized in brain from adenosinetriphosphate and 
pyridoxal (6). This decarboxylase has a high degree of substrate and co- 
enzyme specificity (6). 

The concentration of vitamin Beg was decreased greatly in the tissues of 
vitamin Be-deficient animals (7) and the activity of the glutamic-aspartic 
transaminase, a pyridoxal phosphate-requiring system, also was lowered 
markedly (8, 9). Refeeding of pyridoxine to the deficient animals was 
found to return the transaminase activity to an almost normal level (9). 
When a bacterial tyrosine decarboxylase apoenzyme was employed for as- 
say, it was shown that the tissues of rats which received pyridoxine con- 
tained several times more codecarboxylase (or pyridoxal phosphate) than 
did those of animals on a pyridoxine-deficient diet (10). The chief purpose 
of the present investigation was to determine whether the brain glutamic 
acid decarboxylase responds to different levels of pyridoxine nutrition in 
the manner found for transaminase. Additional observations were made 
on the effects of the feeding of excess pyridoxine to animals on a normal 
laboratory diet and the administration of desoxypyridoxine, a vitamin Be 
antagonist (11), to rats on a pyridoxine-deficient diet. 





| EXPERIMENTAL 


Treatment of Animals—Albino rats of both sexes of the Sprague-Dawley 
strain were placed on the experimental diets within a week after weaning. 
The basal ration, essentially that of Halliday and Evans (12), had the 
following percentage composition: vitamin-free casein (Labco), 30.6; su- 
crose, 60.3; butter fat, 5.1; Salt Mixture 1 (Merck), 4.0. Each animal 
received daily 3 drops of corn oil containing 60 U.S. P. units of vitamin A 
and 15 U. 8. P. units of vitamin D. The control animals were given 0.5 


* This investigation was supported by a research grant from the National Cancer 
| Institute, National Institutes of Health, United States Public Health Service, and 
the Charles F. Kettering Foundation. 
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ml. of a solution by stomach tube daily, containing the following amounts} result: 
of B vitamins: thiamine hydrochloride, 30 7; riboflavin, 30 7; niacin, 100} of the 
y; calcium pantothenate, 100 y; choline chloride, 5 mg.; inositol, 50 y;/ When 
p-aminobenzoic acid, 50 y; pyridoxine hydrochloride, 20 y. The deficient | showe 
animals were given the same supplement of B vitamins, with the exception | howev 
that pyridoxine was omitted. Four animals from the latter group received | was ds 
the complete B vitamin supplement for 12 days, after being kept on the} had n 
deficient diet for 45 days. One group of animals was fed the vitamin } graph 
Be-deficient diet and desoxypyridoxine. Assays were also made on brains | proxir 
of rats maintained on Purina laboratory chow, and the results were com- | evalu: 
pared with those obtained from similarly fed animals which were given 1 

mg. of pyridoxine hydrochloride by stomach tube daily for 11 days. r 

The animals were killed by dislocation of the cervical vertebrae and the | , 50] 
brains removed rapidly. Homogenates containing 250 mg. of fresh weight | _. | 
of brain per ml. were prepared in ice-cold 0.05 m phosphate buffer, pH 5.9, { » | 
with a ground glass homogenizer. es 

Manometric Assay—All determinations were carried out in Warburg | ie 
flasks in Nz atmosphere at 38° with a final volume of 3.0 ml. The flasks | 3'5° 
were gassed with purified N2 for 12 minutes during temperature equilibra- | 0 } 
tion. Approximately 20 minutes elapsed between the removal of the! 50, , 
brains and the beginning of the measurements. The initial pH of the in- Na 
cubation mixtures was between 6.3 and 6.4. The main compartment con- 
tained quantities of the enzyme preparations and buffer to make a final 
volume of 2.0 ml. One side arm contained 0.5 ml. of 0.5 m glutamic acid! Fie 
(pH 7.0 to 7.4), which was tipped in after equilibration. The other side ‘° ‘ 
arms contained 0.5 ml. of 1.2 n H,SO,. This was added to stop the re- Lao 
action and to liberate bound CO, for which suitable corrections were made. | ahgen, 
Pyridoxal phosphate (Merck) was added to the main compartments of the ality ¢ 
flasks when used. 

In a previous communication (5) conditions for assay of the glutamic plotte 
decarboxylase activity of brain acetone powder were described in which WS 
the reaction was of zero order and the activity was proportional to the or ca 
quantity of powder employed. This was achieved in the presence of excess _ °S€ of 
substrate and pyridoxal phosphate. The results in Fig. 1 show that simi- + _ In 
lar results can be attained with homogenates of fresh brain. Assays per- | ™ Fi 
formed in this manner give an idea of the maximal potentialities of a tissue, PY? id 
with respect to the reaction which the enzyme catalyzes, and may be con- the a. 
sidered to be a measure of the total quantity of apoenzyme present. How- imal 
ever, in the case of a possible coenzyme deficiency the measurement of imal, 
greatest interest is that which gives an estimate of the actual activity of ! zatiol 
the tissue without added coenzyme, since it is entirely possible that the brain 
quantity of apoenzyme can remain unchanged. In Fig. 2 are shown the that | 
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results obtained in the absence of added pyridoxal phosphate with aliquots 
of the same homogenate that was employed to give the results in Fig. 1. 
When no coenzyme was added, the rate was considerably slower and 
showed a steady decline during the experiment. At all time intervals, 
however, the activity was proportional to the quantity of tissue used. It 
was desirable to know the reaction velocity at zero time, when inactivation 
had not yet taken place. Of numerous relations tested, the method for 
graphical representation of the experimental data which most closely ap- 
proximated straight lines and which, therefore, gave the most accurate 
evaluation of the initial rate was found when the reciprocal of the time was 
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Fic. 1. Measurement of glutamic acid decarboxylase activity of brain in the pres- 
ence of excess pyridoxal phosphate. A, zero order reaction with different quan- 
tities of tissue. B, proportionality of activity and quantity of tissue. 

Fia. 2. Measurement of glutamic acid decarboxylase activity of brain in the 
absence of added pyridoxal phosphate. A, time-course of activity. B, proportion- 
ality of activity and quantity of tissue at different times. 


plotted against the reciprocal of the CO, liberated. The slope of the line 
was equal to the initial reaction rate, as shown in the formulation employed 
for calculating the initial rates in the case of the glutamic acid decarboxyl- 
ase of carrots (13). 

In Table I are presented the initial rates calculated from the data shown 
in Fig. 2 and the maximal velocities obtained in the presence of excess 
pyridoxal phosphate (Fig. 1). The initial velocities were proportional to 
the amount of tissue used and were approximately 92 per cent of the max- 
imal velocity. The values for initial velocities must be considered min- 
imal, since some inactivation may have taken place during the homogeni- 
zation and equilibration. The above results were obtained with mouse 
brain. Rat brain gave entirely comparable results, with the exception 
that the initial reaction velocities of the brains of normal rats were approxi- 
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| 
mately 80 per cent of the maximal velocity when measured under the same | 
conditions. 


made on homogenates of individual rat brains, corresponding to 500 mg. 
of fresh brain per flask with and without added pyridoxal phosphate. The 
values obtained in the presence of pyridoxal phosphate gave an indication 
of the total quantity of apoenzyme, while those obtained in the absence of 
added coenzyme allowed an estimate of the relative degree of saturation of 
apoenzyme with coenzyme. 


TaBie I 
Comparison of Initial and Maximal Velocities for Different Quantities of 
Homogenate 
Rates expressed as microliters of COz per hour. Initial velocities determined by 
graphical method from curves obtained with no added pyridoxal phosphate. Maxi- 
mal velocities obtained in the presence of pyridoxal phosphate (500 y per flask). 

















Quantity of tissue Initial velocity Maximal velocity 
mg. pl. COs ul. COz per 100 mg. pl. COs ul. CO2 per 100 mg. | 
250 160 64 170 68 
375 240 64 265 71 
500 324 65 350 70 
Results 


The average time-activity curves for the brains of different dietary 
groups obtained in the absence of added pyridoxal phosphate are shown in 
Figs. 3 to 5. Initial rates calculated from the average curves agreed well 
with the means of the initial rates calculated from the individual determin- 
ations (see Table II). Since the activity was linear with time when the 
measurements were made in the presence of excess pyridoxal phosphate, 
the curves for these determinations are not shown. 

The data for the animals fed the stock laboratory diet (Group 1, Table 
II) showed that there were no significant differences either in the initial 
rates or the maximal rates in the brains of animals ranging in weight from 
49 to 198 gm. No sex differences were observed. 
approximately 80 per cent of the maximal rate. In the case of the animals 
fed the experimental diet with the vitamin Be-containing B vitamin sup- 
plement (Group 2), the mean values for the initial and maximal rates were 
closely similar to those found for the animals fed the chow diet. This 
demonstrates that the decarboxylase activity was unaffected by keeping 
the rats for a prolonged period on the complete experimental diet. 

When pyridoxine was omitted from the vitamin supplement (Group 3), 
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Same} there was a highly significant decrease in the initial rate to about 50 per 
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cent of that found in the controls (Table II, Fig. 4). The decrease was no 
greater after 72 days on the diet than after 49 days. The mean value for 
the maximal rate in Group 3 was slightly higher than that found either in 
the control group or in that receiving the stock diet. The initial rate was 
only approximately 40 per cent of the maximal rate, a value one-half of 
that found for Groups 1 and 2. This result shows clearly that in pyri- 
doxine deficiency there is a decrease in the degree of saturation of the apo- 
enzyme with coenzyme, but no decrease in the content of apoenzyme. 
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Fig. 3. Decarboxylase activity of brains of rats fed the stock diet and the stock 
diet supplemented with vitamin Bs measured in the absence of added pyridoxal 
phosphate. The numbers in parentheses represent the number of animals employed 
in each group. The vertical lines show the range of the values at each point. 

Fig. 4. Influence of pyridoxine deficiency and the refeeding of vitamin Bs on 
glutamic decarboxylase activity of brain. 


Administration for 12 days of the vitamin Be-containing B vitamin sup- 
plement to rats previously made deficient in pyridoxine for 45 days (Group 
4) resulted in a return of the values for the initial rate and the degree of 
saturation of the apoenzyme to normal levels. It is thus apparent that 
the coenzyme deficiency is readily reversible. These findings parallel those 
reported for glutamic-aspartic transaminase (9). 

The animals in Group 5 were placed on the pyridoxine-deficient diet for 
jSdays. From the 6th day on all animals were given 5 mg. of desoxypyri- 
doxine daily by stomach tube. The first two animals of this series were 
sacrificed 10 days later. The remaining three rats received 7.5 mg. of the 
antagonist for 6 more days prior to the determination of the decarboxylase 
activity. The duration of the experiment was shorter than for simple 
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The initial rates were estimated from determinations performed in the absence 1 


of added pyridoxal phosphate, while the maximal rates were estimated from deter- | rats ¢ 
minations made with 500 y of pyridoxal phosphate added. The average weight of | values 
all of the animals in Groups 2 to 5 at the start of the experimental diets was 55 gm. 
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¢ Same as first two animals in this group except that 7.5 mg. of desoxypyridoxine high 

were given daily for 6 additional days. appe 
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| vitamin Beg deficiency, because symptoms of the deficiency appear sooner 
in the animals given the antagonist. In the two animals fed the antagonist 
and killed after 10 days the initial rates and maximal rates were at the 
upper levels of the normal range, the ratios of the rates showing a normal 
value. In the brains of the rats fed increased amounts of the antagonist 
for an additional 6 days there was a reduction of the initial rates to about 
60 per cent of the control value, and the ratios of the initial to maximal 
_ tates lay between those found for the controls and those for the rats with 
a simple vitamin Bg deficiency. The maximal rates were essentially the 
same as those in the control animals. From these results it would not 
seem likely that the acceleration of the deficiency symptoms by desoxypyri- 
doxine is related to an increased rate of depletion of the glutamic acid 
decarboxylase activity of brain. It is interesting in this connection that 
the contents of vitamin Bs and pyridoxal phosphate in the livers of rats 
receiving desoxypyridoxine for 2 weeks while on a vitamin Be-deficient 
diet were lower than those of the controls but higher than those of deficient 
animals receiving no antagonist (11). 
ners The feeding of 1 mg. of pyridoxine hydrochloride daily for 11 days to 
deter. | fats on the chow diet (Group 6) produced small decreases in the mean 
eht of | values for both the initial and maximal rates, the ratio of the two remain- 
55 gm. | ing at the normal level. This shows that the administration of the vitamin 
veight | in more than 50-fold excess over that needed to maintain a normal rate of 
____ | growth produced no change in the degree of saturation of the apoenzyme 
) as measured and calculated by the present methods. However, measure- 
ments made on rat muscle showed that an increased supply of pyridoxine, 
~~ | beyond that required by growth, yielded a higher level of codecarboxylase 


‘ity of 


——————— 


= 


| (10). 
0.87) 

| DISCUSSION 
0.85) | The results of the present investigation show that the recently discovered 
‘3 | glutamic acid decarboxylase of brain, which requires pyridoxal phosphate 
U.o 


as a coenzyme, responds to changes in pyridoxine nutrition in the same 
0.90) | Manner as does glutamic-aspartic transaminase (9). It has been demon- 
, strated clearly in the present study that the maximal potential activity 


0.82) | (or apoenzyme content) of the brain is not changed in pyridoxine defi- 
0.67) ciency, but that the degree of saturation of the enzyme with coenzyme is 
U.08 


| notably decreased. Refeeding pyridoxine hydrochloride to deficient ani- 
0.88) | mals at a level of 20 y per day quickly restored the activity to normal. 

It is not possible at the present time to assign a specific rdle in the com- 

_ 4 plex syndrome of pyridoxine deficiency to the decreased glutamic acid 

wie) decarboxylase activity in brain. However, since brain possesses a uniquely 

doxine high content of this enzyme among the various tissues tested, it would 

appear possible that some of the symptoms indicating involvement of the 
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central nervous. system in vitamin Be-deficient animals (14-18) might be} M4, Me 
related to the functioning of this enzyme system. Symptoms of a nervous) 
nature were relieved in nutritionally deficient patients by the feeding of! 4g. Da 
pyridoxine when other B vitamins failed to help (19). 17. Ju 


SUMMARY 


1. A manometric method was described for the assay of the glutamic| : 
acid decarboxylase activity of brain. The values obtained in the presence, 
of excess pyridoxal phosphate gave an estimate of the total quantity of 
apoenzyme, while those obtained in the absence of added coenzyme al- 
lowed an estimate of the relative degree of saturation of apoenzyme with 
coenzyme. 

2. The glutamic acid decarboxylase activity of brains of rats maintained 
on the experimental diet with a vitamin Be-containing supplement of the 
B vitamins for a prolonged period was closely similar to that found in | 
animals fed the stock diet. | 

3. When pyridoxine was omitted from the vitamin supplement, there 
was a decrease of approximately 50 per cent in the degree of saturation of 
the apoenzyme with coenzyme, but the content of apoenzyme was normal. | 
Refeeding pyridoxine to rats previously made deficient resulted in a return | 
of the activity to a normal level. 

4. The feeding of excess pyridoxine to animals on the stock diet did not 
result in an increase in activity. 

5. From results obtained with rats which were given desoxypyridoxine, 
while being fed a deficient diet, it does not seem likely that the acceleration | 
of the deficiency symptoms by the antagonist is related to an increased | 
rate of depletion of the glutamic acid decarboxylase activity of brain. | 

BIBLIOGRAPHY 
1. Roberts, E., and Frankel, 8., Federation Proc., 9, 219 (1950). 
2. Roberts, E., and Frankel, S., J. Biol. Chem., 187, 55 (1950). 
3. Awapara, J., Landua, A. J., Fuerst, R., and Seale, B., J. Biol. Chem., 187, 35 
1950). 
4. ee J., and Awapara, J., J. Biol. Chem., 187, 267 (1950). 
5. Roberts, E., and Frankel, S., J. Biol. Chem., 188, 789 (1951). 
6. Roberts, E., and Frankel, 8., J. Biol. Chem., 190, 505 (1951). | 
7. Snell, E. E., Guirard, B. M., and Williams, R. J., J. Biol. Chem., 148, 519 (1942). 
8. Schlenk, F., and Snell, E. E., J. Biol. Chem., 157, 425 (1945). 
9. Ames, S. R., Sarma, P. S., and Elvehjem, C. A., J. Biol. Chem., 167, 135 (1947). 
0. Bellamy, W. D., Umbreit, W. W., and Gunsalus, I. C., J. Biol. Chem., 160, 461 
1945). 
11: eng C., Ann. New York Acad. Sc., 52, 1302 (1950). 
12. Halliday, N., and Evans, H. M., J. Nutr., 18, 657 (1937). 
13. Schales, O., and Schales, 8. S., Arch. Biochem., 11, 155 (1946). 


| E. ROBERTS, F. YOUNGER, AND S. FRANKEL 285 
ht bel 14. McKibben, R. J., Madden, S., Black, S., and Elvehjem, C. A., Am. J. Physiol., 
128, 102 (1939). 
TVOUS) 45, Chick, H., El-Sadr, M. M., and Worden, A. N., Biochem. J., 34, 595 (1940). 
ing of! 16, Daniel, E. P., Kline, O. L., and Tolle, C. D., z. Nutr., 23, 205 (1942). 
17. Jukes, T. H., Proc. Soc. Bap. Biol. and Med., 42, 180 (1939). 
18, Wintrobe, M. M., Follis, R. H., Jr., Miller, M. H., Stein, H. J., Alcayaga, R., 
Humphreys, S., Suksta, A., and Cartwright, G. E., Bull. Johns Hopkins Hosp., 
72, 1 (1943). 
itamic| 49, Spies, T. D., Hightower, D. P., and Hubbard, L. H., J. Am. Med. Assn., 115, 
esence | 292 (1940). 
ity of 
ne al- 
e with 


tained 
of the 
ind in 
| 

there | 

tion of 
ormal. | 
return | 


lid not 


loxine, 
oration 
sreased 
in. 


187, 35 


) (1942). | 


5 (1947). 
160, 461 





yy 
prac 
rials 
adso 
or 01 
in oO 
mixt 
since 
suce 

| proc 
| only 
' isola 
(2) : 
filte: 
penc 
the 
| does 
of t] 
T 
fron 

| vers 
| on ¢ 
chlo 
opir 
1 Tins 
held 

| Fra 
| Phy 
sepe 





* 

' have 
Doc 
befo 
Apri 





ISOLATION OF PORPHYRINS FROM BIOLOGICAL MATERIALS 
BY PARTITION CHROMATOGRAPHY* 


By JOHN LUCAS ann JAMES M. ORTEN 


(From the Department of Physiological Chemistry, Wayne University College 
of Medicine, Detroit, Michigan) 


(Received for publication, August 28, 1950) 


The present investigation was undertaken because of the need for a more 
practicable procedure for isolating pure porphyrins from biological mate- 
rials. The existing methods, based primarily on solvent fractionation, on 
adsorption chromatography with calcium carbonate, talc, aluminum oxide, 
or other adsorbents, or on a combination of the two procedures, have failed 
in our hands to give an entirely satisfactory resolution of porphyrins from 
mixtures. Therefore, other possible methods of isolation were sought, and, 
since partition chromatography with hydrated silica gel had proved so 
successful in the separation of organic acids in this laboratory (1), this 

| procedure was investigated and was found to be highly satisfactory, not 
| only for the separation of the porphyrins, but also for their subsequent 
' isolation and crystallization. While our work was in progress, a paper 
(2) appeared describing the successful use of partition chromatography on 
filter paper for the separation of the unesterified porphyrins, thus inde- 
pendently demonstrating the applicability of partition chromatography to 
the separation of the porphyrins. The filter paper procedure, however, 
| does not as readily lend itself to the isolation and subsequent crystallization 
| of the porphyrins as does the present method. 
| The present procedure involves the preliminary separation of porphyrins 
| from other pigments and biological materials by adsorption on talc, con- 
| version to the methyl esters, and finally the isolation of the methyl esters 
| on a column of hydrated silica gel at approximately pH 4.5; a mixture of 
chloroform and ligroin in varying proportions was employed as the devel- 
oping and eluting solvent. Jt was found necessary to convert the porphy- 
, rins to the methyl esters before elution because the free porphyrins were 
held so tenaciously by the silica gel that elution was extremely difficult. 
Fractions of the eluate containing the methyl esters of the individual por- 
| phyrins are allowed to evaporate at room temperature and the porphyrins 
separate as crystals visible even to the unaided eye. Crystals of the 





* Aided by a grant from the Nutrition Foundation, Inc. The data in this paper 
' have been taken from the dissertation submitted by John Lucas for the degree of 
Doctor of Philosophy, Wayne University, 1950. A preliminary report was presented 


before the meeting of the American Society of Biological Chemists at Atlantic City 
April, 1950. 
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methyl esters of protoporphyrin, mesoporphyrin, coproporphyrin type I, 
and uroporphyrin type I have been prepared by this method. The vari- 
ous porphyrins thus isolated were identified by their crystalline forms, 
solubilities, and melting points. Another crystalline porphyrin melting at 
245-247° and resembling uroporphyrin type III, but as yet not further 
identified, was obtained. Quantities as small as 20 y or perhaps less can 
be isolated. The procedure can be modified to permit the quantitative 


separation and determination of the various porphyrins in feces, urine, | 


and other biological materials, as will be described in a subsequent publi- 
cation. 

Preparation of Hydrated Silica Gel Column—The silica gel employed was 
prepared according to the method of Marshall, Orten, and Smith (1). The 
final step was modified, however, by employing 5 ml. of concentrated sul- 
furic acid per liter of absolute ethanol in the alcohol washing. At the 
time of use, 1 ml. of distilled water is added to 1 gm. of the dried silica gel 
and the mixture is stirred thoroughly to obtain uniform, finely divided 
particles. The pH of this mixture is approximately 4.5. About 20 ml. 
of ligroin are added with stirring and the suspension is poured into a glass 
tube, 30 inches in length with an outer diameter of 8 mm. The bottom 
of the tube is slightly constricted and is fitted with a cotton plug. The 
hydrated silica gel is allowed to settle by gravity to a contiguous mass 
and the ligroin is drained off. 1 ml. of ligroin is again carefully intro- 
duced and allowed to drain. This aids in packing the top portion of the 
column more firmly and lessens the chance of the mechanical breaking 
of the silica gel when samples are introduced. The silica gel must be kept 
moist with solvent at all times; otherwise cracking results, thus producing 
an unsatisfactory column. 

Preparation of Crude Samples for Chromatographic Separation—Crude 
protoporphyrin was prepared from bovine red blood cells according to the 
method of Grinstein (3). Approximately 1.75 gm. of protoporphyrin were 
obtained from 100 gm. of hemoglobin powder. For chromatographing, 
the crystals were dissolved in the minimum amount of chloroform, and 
an equal volume of ligroin was added. ° 

Mesoporphyrin was prepaged from approximately 50 mg. of protopor- 
phyrin by the method of Grinstein and Watson (4) by treating the di- 
methyl ester with ascorbic acid and hydriodic acid, with subsequent re- 
esterification. A yield of approximately 60 per cent was obtained. 

Crude coproporphyrin type I was prepared from a 48 hour sample of 
feces from a case of congenital porphyria! by a modification of the method 


1 Appreciation is expressed to Dr. W. W. Zuelzer, the Childrens Hospital, Detroit, | 


for supplying samples from this patient. 
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, J, | of Watson and coworkers (5, 6). The freshly collected feces were covered 
wri. With absolute methyl alcohol. An equal volume of methyl alcohol satu- 
ns, rated with dry hydrogen chloride gas at 0° was added and the mixture 
at Was homogenized. After the mixture had stood for 1 to 2 hours, it was 
her _ filtered by suction and an equal volume of chloroform was added. The 
san porphyrin esters were extracted into the chloroform layer. 2 volumes of 
ive | distilled water were added to the mixture to remove the excess methanol 
ine, | and hydrochloric acid and the chloroform layer was washed twice with 
bli- | equal volumes of water. This was followed by washing with 0.5 volumes 
of 10 per cent ammonium hydroxide (volume per volume), distilled water, 
wag and finally with 7 per cent sodium chloride to facilitate the breaking of 
The | any emulsion. The chloroform layer containing the porphyrins was next 
sul. | filtered through filter paper previously moistened with chloroform and the 
the | clear solution was concentrated im vacuo to approximately one-sixth its 
ge] | volume. The concentrate upon dilution with an equal volume of ligroin 
ded | was used for chromatographing. 
mi. Crude uroporphyrin type I was prepared from the urine of a patient 
lass with congenital porphyria by a modification of the procedure of Watson 
tom | ¢ al. (5, 6). The urine was acidified with glacial acetic acid to pH 3. 
The | Tale was then added (30 gm. per 100 ml.) and the mixture was allowed 
nass | to stand for several hours with frequent shaking. The porphyrins and 
tro- | only a small amount of other pigments were adsorbed. The tale was 
the | dried at room temperature, pulverized, and the adsorbed porphyrins were 
king | methylated with absolute methanol which had been saturated with hydro- 
kept | gen chloride at 0°. This process simultaneously methylates and elutes 
cing | the porphyrins from the tale. The mixture was filtered and the tale was 
washed several times with 10 ml. portions of methanol saturated with hy- 
rude } drogen chloride and then several times with 10 ml. portions of chloroform. 
the | An equal volume of chloroform was then added and the washing and con- 
were | centrating procedure described for coproporphyrin was followed. 
ning, | A crude preparation of a porphyrin resembling Waldenstrém’s porphy- 
and | tin, uroporphyrin type III, was obtained from the urine of a patient with 
acute porphyria.? Approximately 40 liters of urine were extracted with 
ypor- | 4 mixture of ethyl acetate and glacial acetic acid (3:1) until no further 
e di- | porphyrin could be extracted as evidenced by a lack of red fluorescence 
t re- | under ultraviolet light. The combined extracts were then concentrated 
to a syrup 7m vacuo and sufficient tale was added to form a thick paste. 
Je of | This was then dried at room temperature and pulverized. The adsorbed 
hod | Porphyrins were then treated with methanol saturated with hydrogen chlo- 





eet ? Appreciation is expressed to Dr. W. H. Wehrmacher, Veterans Hospital, Dear- 
stroit, / P : 
born, for supplying samples from this patient. 
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ride, as described above, and the methyl ester of the porphyrin was ex- | type 
tracted with chloroform, washed, and concentrated as described in the at 2¢ 
procedure for coproporphyrin type I. U 

Chromatographing Crude Porphyrin Preparations. Protoporphyrin Di- 
methyl Ester—A solution containing approximately 1 mg. of crude proto- 
porphyrin dimethyl ester in equal volumes of chloroform and ligroin was $ 
transferred carefully into the column previously described in such a manner 
that the upper layer of the silica gel was not disturbed. The porphyrin , 
solution was allowed to pass into the column and, when the last portion 
had been taken up, a 20 per cent chloroform-ligroin developing solution 
was added in 1 ml. and then 2 ml. portions, respectively. The column 
was then filled with 20 per cent chloroform in ligroin, which elutes the 
dimethyl ester of protoporphyrin. Protoporphyrin appears as a deep vio- 
let zone, above which is a green zone (a degradation product?). It was 
found that when 10 per cent chloroform in ligroin was used as the develop- 
ing agent there was a greater diffusion of the zones in the lower portion 
of the column, resulting in unsatisfactory resolution. With 20 per cent 
chloroform in ligroin, the diffusibility was reduced and better resolution | 
was obtained. Photomicrographs of crystals of this porphyrin obtained 
by the slow evaporation of the above eluate are shown in Fig. 1, a. The 
crystals melted at 223-224°, agreeing closely with the values of others 
given in the literature (7). A yield of approximately 90 per cent of pure 
crystalline protoporphyrin dimethyl ester may be obtained from the crude 
preparation. 

Mesoporphyrin Dimethyl Ester—As with protoporphyrin, a solution con- 
taining approximately 500 y of crude mesoporphyrin in a 1:1 mixture of 
chloroform in ligroin was transferred to a silica gel column. It was found 
that mesoporphyrin was readily eluted by 20 per cent chloroform in ligroin 
and was completely separated from any traces of protoporphyrin or other 
porphyrins present. The mesoporphyrin gave a zone above that of proto- 
porphyrin. The melting point of the crystalline preparation obtained by 
the slow evaporation of the eluate was 210-212°, agreeing well with values 
in the literature (7). A yield of approximately 90 per cent was obtained. | 

Coproporphyrin Type I Tetramethyl Ester—An aliquot of the crude co- } 
proporphyrin preparation containing 0.5 to 1.0 mg. of coproporphyrin was 
transferred to the silica gel column as before. The addition of 20 per cent 
chloroform in ligroin resulted in the development of a yellow and an orange 
zone which were eluted first. The coproporphyrin ester followed in the 
sequence of elution when 30 per cent chloroform in ligroin was used. The 
other non-porphyrin fecal pigments remained behind, along with any uro- | 
porphyrin and unmethylated porphyrins present. When the solvent was 
allowed to evaporate as previously described, crystals of coproporphyrin 
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4] unidentified porphyrin, resembling uroporphyrin type 
on (130 X); m.p. 245-247°. 
1€ 
uro- | quot (approximately 0.5 mg.) of the crude uroporphyrin preparation into 
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in ligroin, Uroporphyrin type I was then eluted by 
form in ligroin. Crystals of uroporphyrin type I form upon evaporation 
of the solvent (Fig. 1, c). Amounts of crystalline uroporphyrin type [. 
m.p. 286° (7), varying from 50 to 75 mg. per liter of urine, were thus iso- 
lated from the crude preparation of urine from the patient with congenital] 
porphyria. However, for the isolation of larger quantities of uroporphyrin 
type I, a larger column containing 8 to 10 gm. of silica gel may be used 
rather than smaller aliquots and several lL gm. silica gel columns as de- 
scribed. 

Approximately 10 mg. of a crystalline porphyrin resembling uroporphy- 
rin type III (Fig. 1, d) were obtained from the crude preparation of urine 
from the case of acute porphyria by procedure just described for prepar- 
ing crystalline uroporphyrin type [. The melting point of this as yet 
unidentified porphyrin was 245-247°, a value somewhat lower than those 
given by several] investigators for uroporphyrin type IT] 255-260° (7 


) 
» 2 ati 
Watson and coworkers (5, 6), McSwiney, Nicholas, and Prunty (8), and 
Gibson and Harrison (9), in f. 


act, believe that the so called type IIT isomer 
of uroporphyrin, or the “Waldenstrém porphyrin,” as isolated from the 
urine of patients With acute porphyria, is actually a mixture consisting 
mainly of uroporphyrin type | With small amounts of other porphyrins, 
possibly including uroporphyrin type IIL or a heptamethy] ester melting 
at 208°. Apparently the amounts of porphyrins other than uro 
type I increase When the urine is boiled with acid (9, 10), or perhaps even 
on standing, thus preventing the complete resolution of uroporphy 
I by the usual procedures. This factor 
confusion regarding the identity of the 
Persons with acute porphyria. 


50 per cent chloro- 


porphyrin 


rin type 
may be involved in the present 
porphyrins present. in the urine of 
Whether our crystalline preparation melt- 
ing at 245-247° is a distinet entity, as indicated by its behavior as 
geneous compound on the silica gel column and by its crystalline 
or is a mixture will be studied further when 
phyria again becomes available. 

Isolation of Individual Porphyrins Jrom Mixtures in Biological M aterials 
—The various porphyrins present in biological materials, such as feces, 
urine, and tissues, can be isolated in pure form, as their methy] esters, by 
following procedures similar to those deseribed above for the prepar 
of crude Coproporphyrin from feces or crude 


a homo- 
nature, 
& suitable case of acute por- 


ation 

uroporphyrin from urine, 
with the subsequent application of partition chromatography on silica gel 
4s outlined for the individual porphyrins, Thus, the feces or tissues are 
homogenized and extracted with & mixture of ethyl acetate and glacial 
acetic acid (3:1) until all porphyrins are removed (disappearance of red 
fluorescence in ultraviolet light). The combined extract is then concen- 
trated in vacuo and taken up on tale. The adsorbed porphyrins are meth- 
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r0- } ylated and eluted with absolute methanol saturated with hydrogen chlo- 
ion | yide at O° as previously described. Chloroform is then added to the 
I, { yesulting methanol solution and distilled water is added. The chloro- 
SO- | form layer containing the methyl esters of the porphyrins is washed with 
tal water, dilute ammonia, and finally with 7 per cent sodium chloride solu- 
rin tion. The chloroform solution is concentrated in vacuo to approximately 
ed | one-sixth its volume, and an equal volume of ligroin is added. An ali- 
le- quot containing approximately 1 mg. of total porphyrins is transferred to 
a 1 gm. silica gel column as described, or larger amounts may be trans- 
y- | ferred to correspondingly larger columns (e.g. 10 gm. silica gel). The var- 
ne ious porphyrin zones are then developed and eluted successively with 20, 
T- | 30, and 50 per cent chloroform in ligroin. Protoporphyrin, mesoporphy- 
et rin, coproporphyrin, and uroporphyrin are eluted in this sequence if pres- 
se ent. 
). When an equal mixture of the crude porphyrin preparations described 
id containing approximately 1 mg. of total porphyrins is chromatographed 
or on a 1 gm. silica gel column, the protoporphyrin is completely eluted with 
le approximately 100 ml. of 20 per cent chloroform in ligroin. Approximately 
ig 25 to 50 ml. of the mixture are then required to elute mesoporphyrin. 
3; The coproporphyrin zone is eluted next by 75 to 100 ml. of 30 per cent 
g chloroform in ligroin, and the uroporphyrin zone is finally eluted with 
n approximately 100 to 150 ml. of a 50 per cent developing mixture. Any 
n unesterified porphyrins together with other non-porphyrin pigments (ster- 
c cobilin, ete.?) are held tenaciously at the top of the column, as indicated 
t by examination under ultraviolet light. Further work is in progress re- 
f garding the separation of types I and III isomers of coproporphyrin and 
‘ uroporphyrin and possibly other porphyrins, should they be present simul- 





P taneously in tissues. It may be added that the sequence of the elution of 
’ porphyrins from mixtures, as described above, is the same as that re- 
; ported by Nicholas and Rimington (2) for unesterified porphyrins chro- 
matographed by the filter paper technique. 


| SUMMARY 


A procedure is described for the separation and crystallization of the 
porphyrins, proto-, meso-, copro- type I, and uroporphyrin type I from 
biological materials by partition chromatography on a hydrated silica gel 
column at approximately pH 4.5. The porphyrins are eluted in the order 
listed above by progressively increasing concentrations of chloroform in 
ligroin (20, 30, and 50 per cent, respectively). 

The identity of the various porphyrins thus isolated was established by 
their crystalline forms, solubilities, and melting points. 

Another crystalline porphyrin resembling uroporphyrin type III but ob- 
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tained in amounts too small to permit satisfactory identification was pre- 
pared from the urine of a patient with acute porphyria. 


The present procedure may be used for the separation and crystalliza- 


tion of amounts of porphyrins as small as 20 y. 


noe 


SID Ore & 
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ISOLATION OF THE KEY INTERMEDIATE IN BIOLOGICAL 
NITROGEN FIXATION BY CLOSTRIDIUM* 


By I. ZELITCH, E. D. ROSENBLUM, R. H. BURRIS, anp P. W. WILSON 


(From the Departments of Biochemistry and Agricultural Bacteriology, College of 
Agriculture, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, February 23, 1951) 


Investigations with the isotopic tracer N! have furnished definite evi- 
dence that ammonia is the key intermediate in nitrogen fixation by Azo- 
tobacter vinelandii (1). Direct isolation of the intermediate, however, has 
not been possible, apparently because ammonia is used so rapidly by this 
bacterium that it does not accumulate. In a study of the comparative 
biochemistry of nitrogen fixation, we have extended these experiments to 
other agents; in the course of these trials it was established that Clostrid- 
ium pasteurtanum excreted into the medium a considerable portion of the 
nitrogen fixed (2). This excretion differed materially both quantitatively 
and qualitatively from that previously noted with Azotobacter. Up to 50 
per cent of the total nitrogen fixed may be excreted by the anaerobe, and, 
even more significant, the excretion begins in the early stages of growth, 
long before the exogenous supply of energy is exhausted. ‘These observa- 
tions suggested that the excreted nitrogen might be “‘juvenile;” 7.e., re- 
cently fixed rather than arising from breakdown of cell protein. Experi- 
ments with labeled N2 not only allowed a decision to be made between 


these two possibilities but also resulted in the actual isolation of the key 
intermediate, ammonia. 


EXPERIMENTAL 


Cultures of C. pasteurianum, strain W5, were grown anaerobically in 4 
liters of medium under Ng in battery jars; the details of the methods have 
been described by Rosenblum and Wilson (2). The Ne was circulated 
continuously through the medium with an aquarium pump; fixation was 
higher when a jar containing sodium hydroxide to absorb CO: was in series 
with the culture jar. After a lag period of about 1 day, the growth rate 
of the culture became logarithmic and remained so for 2 days; at this time 
most of the sucrose in the medium had been utilized. In these experi- 
ments, the rate of growth was followed by analyzing small aliquots of the 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by grants from the Atomic Energy Commis- 
sion, the Rockefeller Foundation, and the Research Committee of the Graduate 
School from funds provided by the Wisconsin Alumni Research Foundation. 
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medium for sucrose. The N3° was supplied for a short time during the | superne 
late stage of the logarithmic phase of growth; a large yield of active cells |‘ forms ¢ 


could be obtained at this time. While the cells still were growing ac- | higher 
tively, the 4 liter culture was transferred to a serum bottle. Thesystem |  Thes 


was flushed several times with helium to remove air, and the N'-enriched for the 
Ns was displaced into the system with a solution of 20 per cent sodium = N® cor 
sulfate in 5 per cent sulfuric acid. The gas phase consisted of 0.4 atmos- | are onl: 
phere of helium and 0.2 atmosphere of N2; the Ne had 31.3 atom per cent sequen’ 
N excess as determined with a mass spectrometer. These gases were the hy 
circulated vigorously through the medium with a rubber tubing pump _ identifi 
for 45 minutes; then the cells were recovered quickly with a Sharples su- _ behavik 
percentrifuge. After the supernatant liquid from the cells had been acidi- 

fied to pH 1 with concentrated hydrochloric acid, 1 liter of supernatant ’ 
solution was used for separation of free ammonia, glutamine amide N, Prins 
and asparagine amide N. The differential hydrolysis procedure, devel- 

oped by Vickery and his colleagues (3), was modified for the larger volume 

employed for the separations. N15 concentrations were determined with a 
Consolidated-Nier isotope ratio mass spectrometer. 


| Cells.. 

RESULTS AND DISCUSSION Supern: 

a : 5; ‘ . ; Free an 

A preliminary trial readily established that considerable excreted ni- porta 
trogen had been recently fixed and was not coming from catabolism of eke. 


cell protein. The average’ atom per cent excess of N! in the cells was 
0.328, whereas that of the excreted nitrogen in the supernatant was 1.049. . In b 
To determine what compounds contained high concentrations of N! in . Pig 
the supernatant, two experiments then were made in which the ammonia | had bee 
and amide nitrogen were differentiated. The results are summarized in 
Table I. Becaus 
In Experiment 1 the excreted free ammonia had 10 times the isotopic initial 
enrichment of the average of the nitrogen in the supernatant. As the acids 1 
molecular nitrogen supplied the cells had 31.3 atom per cent excess N“, | tation 








the free ammonia must have been excreted soon after it was formed by | This y 
the cells from No. In fact, almost one-half of the ammonia in the super- __ Pletely 
natant medium of the 52 hour old culture must have arisen during the 45 Stri 
minute treatment with N2°. The amide nitrogen of glutamine and aspar- that 
agine, which may be regarded as bound forms of ammonia, had lower con- should 


centrations of the label than did ammonia, but they too had much higher | of the 
concentrations than the average of the nitrogen in the supernatant — Uarly 
medium. conclu 

The N?* concentration in both the cells and the medium was lower in ° eviden 
Experiment 2 than in the first experiment, but the N enrichment of the | Comin, 
excreted free ammonia was more than 10 times that of the average for the In s 
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e | supernatant nitrogen. As before, the N® concentration in the amide 
s | forms of nitrogen was lower than in the ammonia, but still considerably 
- | higher than the average of the nitrogen in the medium. 

n These experiments were designed specifically to isolate and test ammonia 
d for the réle of the key intermediate in biological nitrogen fixation. The 
nN concentrations of the amino acids in the supernatant liquid, therefore, 
s- | are only of secondary interest in that they provide information on the sub- 
it sequent path of ammonia. We have separated eighteen amino acids from 
‘e the hydrolyzed supernatant medium on a column of Dowex-50 (4) and 
p identified them by their position in the effluent and by comparison of their 





























1- | behavior with that of authentic amino acids on paper chromatograms. 
i- 
it TaB_eE I 
J Distribution of Total Nitrogen and N* in Culture of Clostridium pasteurianum 
» | —__———_—_ —_ 
s]- | Total N in 4 liter culture |Atom per cent N!5 excess 
1e Fraction | 
Experiment 1|Experiment aban 1)Experiment 2 
a 
mg. mg. | 
ON, iciusi wis iseetssnnianane 241.0 | 200.0 | 0.65 | 0.33 
Supernatant medium.................. 49.60 47.60 1.40 | 0.37 
; IGG AIINONIA «<5. ooo Nao caro ces 5.56 | 2.03 | 14.03 | 4.50 
a! Amide N of glutamine................. 1.81 | 1.82 | 8.02 | 2.13 
of $0) SOOM RSP APARIO a! co xo 266 e 3.46 | 6.68 | 2.04 | 0.58 
as ae 
9 In both experiments the cells were exposed to 31.3 atom per cent excess N}5 for 
ee 45 minutes, after having grown in normal N;2 for 52 hours in Experiment 1 and for 
_ 56 hours in Experiment 2. In Experiment 1, 80 per cent of the available sucrose 
11a had been used; in Experiment 2, 63 per cent. 
in 
Because some of these amino acids undoubtedly were added with the 
ic | initial potato medium (2) used as the inoculum, and since all such amino 





he | acids may not have been used uniformly by C. pasteurtanum, an interpre- 


1s | tation of their metabolic importance in an isotopic experiment is difficult. 
™ | This phase of the subject awaits the growing of the organism in a com- 
oy. | Pletely synthetic medium for definitive test. 

15 Strictly speaking, the highly specific data from this study, indicating 
yr- | that ammonia is the key intermediate in biological nitrogen fixation, 
yn- | Should be restricted to the anaerobe, Clostridium. However, examination 
rer | of the comparative biochemistry of biological nitrogen fixation, partic- 
nt. _Ularly as indicated by experiments with N!, strongly suggests that the 


conclusion can be generalized to include many of the other agents. The 
in’ @vidence and argument for this conclusion will be furnished in a forth- 
the | coming review. 
the In summary, it should not go unnoticed that attainment of this long 
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sought for goal of the research on the mechanism of biological nitrogen 
fixation depended to a great extent on the fortunate circumstance that ' 
the organism possesses a metabolic eccentricity which causes it to elimi- 
nate free ammonia while growing actively. The recovery of this ammonia | 
with a phenomenally high concentration of labeled nitrogen, constituting 
as it does the most direct and substantial support offered to date for the 
hypothesis that ammonia is a key intermediate in biological nitrogen fixa- | 
tion, was made possible by taking advantage of the capacity of the or- 
ganism itself to effect the first and most critical step in the chemical 
separation. 


SUMMARY 


When Clostridium pasteurianum cells actively fixing molecular nitrogen 
were supplied N2° for a short time, free ammonia with an extremely high 
N” concentration was isolated from the supernatant medium. Somewhat 
lower concentrations, but still considerably in excess of the average of 
either the intact cells or the supernatant medium, were found in the amide 
fraction. These data with the anaerobe provide direct support for the view 
that ammonia is a key intermediate in biological nitrogen fixation, in 
agreement with the less direct evidence furnished by the studies with the 
aerobe, Azotobacter. 

Although it has been known for many years that ammonia occurs in 
cultures which are fixing nitrogen, these experiments represent the first in 
which the isolated ammonia was unequivocally demonstrated to be an 
intermediate in fixation rather than a product of metabolic decomposition. 
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REAGENTS FOR THE VAN SLYKE-FOLCH WET 
CARBON COMBUSTION 


By DONALD D. VAN SLYKE,* JOHN PLAZIN,* anp JAMES R. WEISIGERfT 


(From the Rockefeller Institute for Medical Research, New York, and the Brookhaven 
National Laboratory, Upton, New York) 


(Received for publication, March 9, 1951) 


Van Slyke and Folch (1) used as a combustion mixture a solution of 
H.SO., HsPO,, and CrO;, to which pulverized KIO; was added in the com- 
bustion tube. It has been found advantageous instead to use as a fluid a 
mixture of H:SO, and H;PO, without CrO;, both KIO; and K,Cr.0;7 being 
added in solid form in the combustion tube. This modification has the 
advantage that both the liquid and the solid reagents are stable (the orig- 
inal CrO; solution weakened slowly on standing) and that manipulation 
of the caustic CrO; solution is avoided. Also, the modification outlined 
below, with increased KIO;:K:Cr.O;7 ratio, for carbohydrates and poly- 
hydroxyl alcohols has yielded results more consistently approaching 100 
per cent of theoretical with these substances. 


Combustion Reagents for General Use (Substances Other Than 
Carbohydrates and Polyhydroxyl Alcohols) 


Solid reagent. 2 parts by weight of KIO; and 1 part of K:Cr.0O, 
ground together. 

Liquid reagent. 67 ml. of fuming sulfuric acid (20 per cent SOs3), 33 
ml. of H3PO, of sp. gr. 1.70 to 1.72, and 1 gm. of KIO; heated to 160-190° 
till the KIO; is dissolved. Heating with the KIO; minimizes the possi- 
bility of contamination of the liquid reagent with organic matter. 

Control of Strength of Fuming Sulfuric Acid Used in Liquid Reagent— 
The free SO3 content of commercial fuming sulfuric acid, labeled ‘20 per 
cent SO3,” has been found to vary from 13 to 22 per cent. ‘To assure a 
content of 19 to 21 per cent, it has been found desirable to purchase fum- 
ing sulfuric acid with “10 per cent SO” and ‘30 per cent SO;,” to deter- 
mine their SO; content by titration, and to mix them in proportions to 
give 20 per cent free SO; by weight. 

For the titration a weighed sample of approximately 1 ml. of the fum- 
ing sulfuric acid is delivered from a weighing burette (which can be im- 
provised from a 1 ml. stop-cock pipette with a guard tube over the tip) 


, into a 200 ml. volumetric flask about half full of water. The solution is 


XUM 


* Present address, Brookhaven National Laboratory, Upton, New York. 
‘Present address, The Rockefeller Institute for Medical Research, New York. 
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made up to 200 ml. and aliquots of 10 ml. are titrated with 0.1 N sodium; correc 





hydroxide. blank, 
. _ ( 8.006 X ml. 0.1 n NaOH : obtain 

Gm. free SO; per 100 gm. acid = 5.445 (= cuales a WO ml. lack ~ 81.63) pene 
5.445 is the weight ratio, H,SO,:H.O, and 0.8163 is the ratio SO3: H.SO,, minut 
ejecte 

Combustion Reagents for Carbohydrates and Polyhydroxyl Alcohols | disso 


These reagents are to be used only for carbohydrates and polyhydroxyl small 
alcohols (e.g., mannitol). They are not to be used for acetylated carbo- ml. m 


hydrates. extrac 
Solid reagent. 10 parts by weight of KIO; and 1 part of K.Cr.0, P1 TC 
ground together. soluti 


Inquid reagent. 50 ml. of concentrated (reagent grade) H.SO, of sp. | ing. 


gm. 1.84, 50 ml. of H3PQ, of sp. gr. 1.70 to 1.72, and 1.5 gm. of KIO; are —— 


heated to 160—-190° until the KIO; is dissolved. The reagent is approxi- tion. 
mately saturated with KIO3. | analy: 
| be ret 
Combustion Procedure | aceur 
The appropriate KIO;-K:Cr.0; mixture is added with the dry sample wards 
in the combustion tube in the same manner as the KIO; in the original Ex 
Van Slyke-Folch procedure (1), the amounts added being, for either of | Telati 
the two solid mixtures defined above, 0.15 gm. for the “submicro” com- | in th 
bustion (0.1 to 0.7 mg. of carbon), 0.30 gm. for the “micro” (0.7 to 3.5 | Tespe 
mg. of carbon), and 1.0 gm. for the “macro” (7 to 15 mg. of carbon) | tal | 
combustion, but only 0.5 gm. for the macro combustion with 4 to 7 mg. | eSpec 
of carbon. With less than 7 mg. of carbon to use up the chromate, the low t 
amount of oxygen gas evolved from 1 gm. of reagent is inconveniently | wher 
large. ) of th 
The liquid reagent is added in the same volume and manner as in the | cham 
original method (1), the volume being 2 ml. for the submicro or micro com- readi 
bustion, 5 ml. for the macro combustion. obtai 
The rest of the analysis is as in the original method (1), with the ex- Se 
ception of the following two points, which apply only to the macro com- ysis ¢ 
bustions, of samples with 4 to 15 mg. of carbon. These alterations in omg 
technique are not obligatory, but are desirable. KIO. 
Ejection of CO, for p, Reading in ‘‘Macro” Analyses—In the macro anal- creep 
ysis it is not feasible, after measuring p,; of the CO, pressure, to reabsorb man¢ 
the CO, with alkali, as in the microanalysis, and then measure p.. ‘The vent 
‘amount of heat generated by the neutralization would be an appreciable uid r 
source of error. The alternative used by Van Slyke and Folch was to | til th 
use the p, of the blank analysis as the p. for the macroanalysis, making ree 
ml. ¢ 
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correction for the effect of temperature difference, between analysis and 
blank, on the vapor tension. A somewhat more accurate procedure for 
obtaining the p. reading follows. After the p; reading, the gas is ejected 
from the chamber, and the latter is evacuated and shaken again for 1.5 
minutes to remove residual CO, from the solution. The extracted gas is 
ejected, leaving only about 0.2 per cent of the original CO, in the system, 
dissolved in the liquid. The solution is extracted again for 1 minute, the 
small bubble of gas obtained is ejected, the mercury is returned to the 50 
ml. mark, and the p, reading is made with the chamber gas-free. The 
extraction and ejection of the 4 per cent of CO, left in solution after the 
p: reading are necessary, because otherwise it would bubble out of the 
solution when the mercury is lowered to the 50 ml. mark for the p, read- 
ing. In a blank analysis the p; and p. readings are made in the same 
manner, and the difference, p1 — po, of the blank is taken as the c correc- 
tion. The Peo, of the analysis is taken as p; — pz — ¢, as in the micro- 
analysis. With this procedure the lower range of the macroanalysis can 
be reduced from the 8 mg. of carbon named by Van Slyke and Folch for 
accurate results to 4 mg., so that the macroanalysis covers the range up- 
wards from the range of the microanalysis. 

Extraction of CO, in Macro Combustions—Extraction of CO, from the 
relatively concentrated solution of acidified sodium salts and lactic acid 
in the macro combustion is slower than from solutions more dilute with 
respect to electrolytes. The 1.5 minutes shaking used ordinarily to ob- 
tain CO. equilibrium between the gas and liquid phases may not suffice, 
especially if the 50 ml. mark on the chamber is more than 3 or 4 mm. be- 
low the bulb, so that proportionately more solution is in the 8 mm. tube, 
where it is not agitated as thoroughly as the part that is in the wide part 
of the chamber. The time required for complete extraction with each 
chamber is found by successive shakings for 1 minute intervals, and by 
reading the manometer after each shaking, till a constant reading is 
obtained. 

Secondary Addition of CrO; to Diminish Iodine Evolution in Macroanal- 
ysis of Carbohydrates—When the carbon of a carbohydrate sample exceeds 
5 mg., the amounts of iodine liberated by reaction of the HIO; of the 10:1 
KIO-K.Cr.O; reagent with the carbohydrate are inconvenient, the iodine 
creeping up into the tube that connects the combustion tube with the 
manometric chamber and into the capillary inlet of the latter. To pre- 
vent this, proceed as follows: The sample, with 5 ml. of the present liq- 
uid reagent for carbohydrates and the 10:1 solid reagent, is heated un- 
til the solution becomes clear and just begins to boil. Combustion is then 
complete, and the liberated iodine is all within the combustion tube. 2 


ml. of the original CrO; solution of Van Slyke and Folch are then added, 
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and heating is continued until boiling starts again, when the CO; is trans- | 
ferred in the usual way to the alkali-hydrazine solution in the manometric 


acid. The CrQ; is not added till the combustion is complete, for reasons 
indicated in the ‘‘Discussion.” The addition of CrO; is not necessary for 
accurate results, as in any case any iodine passing into the manometric 


chamber is reduced to iodide by the hydrazine in the alkali reagent, but | 


avoidance of excessive amounts of iodine is a decided convenience. 


DISCUSSION 


scribed 


\ mixture 
chamber. The CrO 3 oxidizes most of the liberated iodine back to iodic ? 


cluding 
lates al 
has giv 
as the | 

After 


‘ mendec 


tube be 


' jodine 


Van Slyke and Folch (1) described two procedures for adding the com- 
bustion reagents. In the procedure given for routine work, solid KIO; 
was added to the sample in the combustion tube, then a solution of CrO; 
in H,SO.-H;PO,. In an alternative procedure given for convenience in a 
series of successive combustions, a supersaturated solution containing all 
the KIO; in the H.SO.-Hs3PO.-CrO; solution was prepared immediately 
before the analyses were begun. Iodic acid separated from the solution 
within a few hours, but the solution of all the reagents served for a series 
of successive analyses on the same day. The glucose analyses reported 
by Van Slyke and Folch (1) were carried out with this reagent, I” and 
Cr”? attacking the substance simultaneously. The writers have since 
found that when the “routine” procedure of Van Slyke and Folch is used, 
in which the predissolved Cr‘ has opportunity to attack the carbohydrate 
before the KIO; is dissolved by the heat applied to the combustion tube, 
slight amounts of carbon monoxide, measurable by the method of Christ- 
man et al. (2), escape combustion, causing the carbon values to be 98 to 
99 instead of 100 per cent of theoretical. Lindenbaum, Schubert, and 
Armstrong (3) also found with this combustion procedure that, whereas 
cholesterol and cystine gave 100.1 + 0.2 per cent of theoretical carbon, 
sucrose gave 99.5 + 0.8 per cent. 

In the present procedure described for carbohydrates the large excess 
of iodate used and the application of the dichromate also in solid form 
prevent loss of carbon as CO. Ordinary sulfuric acid (sp. gr. 1.84), in- 
stead of fuming sulfuric, is used; because of the relative ease with which 
the carbohydrates burn, the anhydrous acid mixture is unnecessary. The 
iodate alone would suffice for the combustion; the small amount. of di- 
chromate is added to diminish the evolution of iodine. 

With the reagents here described for carbohydrates and polyhydroxy] 
alcohols, the carbon values found in successive micro combustions of glu- 
cose (samples containing 2.5 to 3.5 mg. of carbon) were 99.8, 99.9, 100.1, 
99.9, 100.0, 100.0, 100.2 per cent of theoretical. 

For acetylated carbohydrates the ‘general’ combustion mixture de- 


end op 
distilliz 
an ove 
In a 
metric 
lubrica 
tube t 
be use 
Blar 
the c ¢ 
with C 
at 2 m 
the me 
droxid 
bonate 
appar 
bustio 
systen 
mm. ¢ 
stant 
amoul 
sedim 
from 
the al 
tion fi 
hydra 
cham! 
minin 
shoul 
tion | 
undul 
ganic 


XUM 


ns- | 
Tic 

dic | 
ons 
for 
ric 
yut | 


VAN SLYKE, PLAZIN, AND WEISIGER 303 


scribed for substances other than carbohydrates must be applied. This 
mixture has been used in combustions with a variety of substances, in- 
cluding palmitic and stearic acids, acetates (organic and inorganic), oxa- 
lates and formates, amino acids, and various aromatic derivatives, and 
has given carbon values approximating 100 per cent of theoretical as closely 
as the results reported by Van Slyke and Folch (1). 

After a number of combustions, especially with the reagents recom- 


‘ mended for carbohydrates, some iodine accumulates in the connecting 


0; 
‘0; 
1a 
all 
aly 
on 
ies 
ed 


tube between the combustion vessel and the manometric chamber. This 
iodine is easily removed by attaching the connecting tube, with the upper 
end open to the air, to a combustion tube about a third full of water, and 
distilling steam through the open connecting tube, which is then dried in 
an oven. 

In attaching the connecting tube by rubber connection to the mano- 
metric chamber (see Figs. 1 and 2, Van Slyke and Folch (1)), no organic 
lubricant should be used. Traces may work back through the connecting 
tube to the combustion tube and cause high carbon values. Water may 
be used as a lubricant for the connection. 

Blanks—With properly prepared reagents and clean combustion tubes, 
the c correction determined in blank analyses does not exceed 5 to 6 mm. 
with CO, pressure measured at 10 ml. volume, and 15 or 20 mm. measured 
at 2 ml. volume. In either case about 1 mm. is due to fall in the level of 
the mercury in the chamber caused by addition of 1 ml. of 5 N sodium hy- 
droxide to absorb the CO,. Of the remainder about half is due to car- 
bonate in the alkali-hydrazine solution, and the other half to CO. formed 
apparently from organic matter in the air in the system during the com- 
bustion. (The 0.03 per cent of CO: in approximately 7 ml. of air in the 
system would provide only about 0.6 mm. Pgo, at 2 ml. volume, and 0.15 
mm. at 10 ml. volume.) If the blanks exceed the usual limits by a con- 
stant amount, the source of the excess is probably unnecessarily great 
amounts of carbonate in the alkali-hydrazine solution, due to failure to 
sediment long enough the NazCO; from the concentrated NaOH solution 
from which the alkali-hydrazine solution was prepared, or to permitting 
the alkali-hydrazine reagent to absorb atmospheric CO, during prepara- 
tion from the concentrated NaOH solution. The CO: content of the alkali- 
hydrazine solution can be determined by running into the manometric 
chamber 2 ml. of the solution and 1 ml. of the 2 N lactic acid, and deter- 
mining the p; — p: value as in the final step of a combustion. The p; — pe 
should not exceed 10 mm. at 2 ml. volume. If the alkali-hydrazine solu- 
tion does not contain more carbonate, and the blanks are nevertheless 
unduly high and variable, the source of the excess blank is probably or- 
ganic matter in the combustion tubes or the tube that connects them with 
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the manometric chamber during combustions. Error from these sources | 
can be avoided by following the directions of Van Slyke and Folch (1), CON 
The combustion tubes must never be allowed to stand in the air unpro- 
tected from dust. The possibility of measurable organic contamination | 
of the K,Cr.O; or KIO; used as reagents is slight, according to our exper- 
ience. Sulfuric and phosphoric acids of reagent grade are usually free (Fron 
from organic matter, and any present is likely to be oxidized by the heat- | 
ing with KIO; in preparation of the liquid reagents. 
Cer 
(1), B 
Stability of the reagents for the Van Slyke-Folch combustion and con- their : 
venience in handling them are increased by adding the chromic acid as — when 
K2Cr.07 with the KIO; in the combustion tube rather than as predissolved | amout 
CrO; in the H,SO.H;PO, medium. A higher ratio (10:1) of KIO; to | 571) 
K;Cr.O; has been found desirable for carbohydrates and related poly- glutar 
hydroxyl alcohols than for other types of organic substances. Some de-| all ca: 
tails of the analysis are discussed. 


SUMMARY 
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CONFIGURATION OF THE CELLULAR GLUTAMIC ACID OF 
BACILLUS SUBTILIS* 


By LLOYD T. JENKINS{ ann LEON S. CIERESZKO 
(From the Department of Chemistry, University of Oklahoma, Norman, Oklahoma) 


(Received for publication, February 26, 1951) 


Certain bacteria of the group including strains of Bacillus mesentericus 
(1), Bacillus anthracis (2), and Bacillus subtilis (3) are characterized by 
their ability to produce a polypeptide built up of p-glutamic acid residues 
when grown on certain synthetic culture media. In view of the large 
amounts of extracellular p-glutamic acid produced by B. subtilis (NRRL 
571),! it was of interest to us to determine the optical configuration of the 
glutamic acid present in the cellular proteins of these bacteria. In almost 
all cases in which p-amino acids have been reported as bacterial products, 
they have been found as components of extracellular peptides. There 
have been few reports on the determination of the configuration of amino 
acids present in bacterial cells. 

In the present investigation, glutamic acid was isolated as the hydro- 
chloride from B. subtilis pellicles grown on a synthetic medium containing 
L-glutamic acid, and from pellicles obtained from a culture medium con- 
taining no glutamic acid. In each case, the positive optical rotation ob- 
served for the isolated glutamic acid indicates that the cellular glutamic 
acid of B. subtilis is of the L configuration. 

It is believed that this investigation includes the first actual isolation 
of L-glutamic acid from B. subtilis. Chargaff (4) has previously isolated 
L-glutamic acid from Corynebacterium diphtheriae and from Phytomonas tu- 
mefaciens. That p- as well as L-glutamic acid may occur in bacteria is 
indicated by Dunn, Camien, Shankman, and Block (5). They found by 
microbiological assay that cells of Lactobacillus arabinosus may contain 
approximately 4 per cent each of p- and L-glutamic acid. 


EXPERIMENTAL 


Preparation of Bacterial Samples—Bacillus subtilis, strain NRRL 571, 
was grown on Sauton’s medium (8) at pH 7.4 and 37°, and on a solution 


* This investigation was aided in part by a grant-in-aid to Leon S. Ciereszko from 
the Permanent Science Fund, American Academy of Arts and Sciences. 

{ Present address, Carbide and Carbon Chemicals Division, Union Carbide and 
Carbon Corporation, Texas City, Texas. 

1 Oleott, H. S., personal communication. 
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in which an equal weight of pL-aspartic acid was substituted for the 1- 
glutamic acid of Sauton’s medium. Batches of 2 liters of sterile culture 
medium in diphtheria toxin bottles of 5 liters capacity were inoculated 
with 1 ml. of a 24 hour culture of B. subtilis on Sauton’s medium. The 
cultures were maintained for 7 days at 37°. The reddish pellicles which 
had formed were strained off from the liquid culture medium on a piece 
of nylon parachute cloth and were washed on the cloth with several por- 
tions of water. The pellicles were obtained as a reddish powder by dehy- 
dration with acetone and ether. These solvents were removed in a vacuum 
desiccator containing concentrated sulfuric acid. The yield of dried pel- 
licle was 0.5 gm. per liter of culture medium. The nitrogen content of the 
dry material was 9.95 per cent. 

Isolation and Identification of u-Glutamic Acid Hydrochloride—10 gm. 
samples of dried B. subtilis pellicles were boiled under a reflux with 100 
ml. of 6 N hydrochloric acid for 18 hours. Insoluble matter was removed 
by filtration, and glutamic acid was isolated from the hydrolysate by the 
pyrrolidonecarboxylic acid procedure described by Opsahl and Arnow (6). 
The yields of recrystallized glutamic acid hydrochloride were 124 mg. from 
cellular material obtained on Sauton’s medium and 134 mg. from pellicles 
derived from the Di-aspartic acid medium. In each case the substance 
isolated was identified as L-glutamic acid hydrochloride by melting point, 


Analysis—CsHi00,NCl (183.5). Calculated, N 7.62; found, N 7.60, 7.55 
Rotation—(In 10 % HCl) [a]> = + 24.3° and + 24.2°, c = 5.30 and 7.78 


Kjeldahl nitrogen analysis, paper chromatography, and optical rotation. | 


With the values observed for the hydrochloride, the specific rotation 
calculated for free glutamic acid is + 30.3°. Opsahl and Arnow (6) re- 
ported a specific rotation of + 31.6° for L-glutamic acid isolated from 
casein. 


SUMMARY 


Glutamic acid was isolated as the hydrochloride from pellicles of Bacil- 
lus subtilis (NRRL 571), an organism which produces an extracellular 
polypeptide composed solely of p-glutamic acid residues. The cellular 
glutamic acid was found to be of the t configuration. 


We wish to thank Dr. William C. Haynes of the Northern Regional 


Research Laboratory, Peoria, Illinois, for supplying cultures of B. subtilis, 


strain NRRL 571, used in this investigation. 
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THE OXIDATION OF OXYTOCIN WITH PERFORMIC ACID* 


By JOHANNES M. MUELLER, JOHN G. PIERCE, HELEN DAVOLL, 
AND VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, New York, 
New York) 


(Received for publication, March 14, 1951) 


Two recent communications (1, 2) from this laboratory have described 
the amino acid composition of high potency preparations (2, 3) of the 
oxytocic principle of the posterior lobe of the pituitary gland. The use 
of the technique of chromatography on starch columns, as developed by 
Moore and Stein (4), has shown the presence in hydrolysates of the oxy- 
tocin preparations of leucine, isoleucine, tyrosine, proline, glutamic acid, 
aspartic acid, glycine, cystine, and ammonia. Within experimental error, 
the molar ratio of these amino acids to each other was 1:1 and that be- 
tween any one amino acid and ammonia was 1:3; 96.5 per cent of the 
nitrogen in the unhydrolyzed material was recovered in these compounds. 
It is possible, of course, that a small moiety of the oxytocic principle was 
not detected by the methods so far employed. It is also possible that 
compounds of similar amino acid composition and distribution coefficient 
may be present in the preparation. However, the data (1, 2) support the 
view that the oxytocic hormone is a complex of a polypeptide nature 
composed of these eight amino acids and ammonia. Taking such an in- 
terpretation as a working hypothesis, we have undertaken degradative 
reactions to ascertain the arrangement of the constituent amino acids. 
In the present communication, we wish to present a study of the cleavage, 
with performic acid, of the disulfide linkage (5). 


EXPERIMENTAL 


Oxytocin Preparations'—The preparations of oxytocic hormone were ob- 
tained by counter-current distribution (2, 3) and possessed potencies of 
from 500 to 750 units per mg. when assayed by the chicken blood pres- 
sure method of Coon (6). 

Preparation of Cystetc Acid Amide (8-Sulfoalaninamide)—This material, 


*The authors wish to express their appreciation to the Lederle Laboratories 
Division, American Cyanamid Company, for a research grant which has aided greatly 
in this investigation. 

1 The authors are indebted to Eli Lilly and Company, who generously made avail- 
able to us some of the posterior pituitary powder, U.S. P., used as starting material 
for the high potency preparations. 
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required as a reference substance in the oxidation experiments, was syn- Rea 
thesized in the following manner. 9 volu 
N ,N’-Dicarbobenzoxy-L-cystine, prepared as described by Bergmann | PéFOx! 
and Zervas (7), was dried in vacuo over phosphoric anhydride at 50° for 25 mil 
13 hours and 2.96 gm. were converted to the acid chloride by treatment _ be 
with 3 gm. of phosphorus pentachloride in ether (7). techni 
The N,N’-dicarbobenzoxycystinyl chloride was added in portions, with | bave 
stirring, to 100 ml. of liquid ammonia. Sodium was then added until a | ® PY 
permanent blue color was obtained; 1.6 gm. were required. The solution the or 
was neutralized by the addition of 3.7 gm. of ammonium chloride and the | (10) 
ammonia, was allowed to evaporate. The residue was kept under a water an | 
pump vacuum for 4 hour. It was then dissolved in 40 ml. of water and Den 
filtered. The filtrate (alkaline to litmus but not to phenolphthalein) was | m#nal 
treated with 3 drops of 1 per cent ferric chloride solution and a current } ™onls 
of CO.-free air was drawn through it until the nitroprusside test for sulf- | %% © 
hydryl groups was negative (4.5 hours). The solution obtained after | °x¥to 
filtration through Hyflo Super-Cel was made slightly acid with hydro- | 28° of 
chloric acid and evaporated under reduced pressure until solids began to fonic 
separate. The mixture was warmed to dissolve the solid material, neu- | shoul 


~~ —— 


tralized with saturated sodium acetate solution, treated with 55 ml. of | carbo 
ethanol, and allowed to cool. The resulting precipitate was collected and | tocm 

was shown to contain no sulfur. The filtrate was evaporated to dryness al 
under reduced pressure and the residue was dried in vacuo over phosphoric | SUZe | 
anhydride and then extracted eight times with 10 ml. portions of boiling mater 
absolute ethanol. The extracts were filtered, combined, evaporated to | 2842 
a small volume, and cooled. A crystalline product, weighing 825 mg. appli¢ 
(59 per cent yield), precipitated. This product was collected and proved hydri 
to be very hygroscopic. The 825 mg. of material were dissolved in a | not b 
mixture of 45 ml. of water and 2 ml. of 3 N hydrochloric acid. Bromine the se 
water was added drop by drop until there was no further decolorization. | 88V® 

The solution was filtered through a mixture of Hyflo Super-Cel and Darco Th: 
and evaporated to dryness under reduced pressure, and the residue was | the m 
dried in vacuo over phosphoric anhydride and potassium hydroxide. The — scribe 
residual oil was crystallized by trituration with 1 ml. of water. After | tion ¢ 





filtration and two washings with 3 ml. portions of water, 194 mg. of a hydrc 
colorless product were obtained. On recrystallization from a small vol- | ™ ©0! 
ume of water 145 mg. of colorless prisms, which melted with decomposi- | 3 ml. 


tion at 272° on a micro melting point apparatus, were obtained. For the ¢ 
analysis, the compound was dried for 7 hours at 110° over phosphoric acids 


anhydride at 0.1 mm. pressure. — 
C;H,O.N.S. Calculated, N 16.7, S 19.1; found, N 16.7, S 19.5 and a 
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Reagents and Techniques—The performic acid was prepared by mixing 
9 volumes of 88 per cent formic acid and 1 volume of 30 per cent hydrogen 
peroxide. This mixture was allowed to stand at room temperature for 
25 minutes before use. To determine whether the oxidation experiments 
to be described resulted in the liberation of any free amino acids, the 
techniques of chromatography on paper (8) and on starch columns (4, 9) 
have both been applied. Starch column chromatograms were carried out 
as previously described (1). Paper chromatography was performed by 
the one-dimensional ascending method described by Williams and Kirby 
(10) with phenol, purified according to Draper and Pollard (11), and What- 
man No. 1 paper. 

Demonstration That Cystine in Oxytocin Preparations Is Not in Ter- 
minal Position—Toennies and Homiller (12) have shown that of the com- 
monly occurring amino acids only cystine, tryptophan, and methionine 
are oxidized by performic acid. Of the amino acid constituents in the 
oxytocin preparation only cystine would be expected to be affected. Cleav- 
age of the disulfide linkage should result, with the formation of two sul- 
fonic acid groups. If cystine occurred at the end of the molecule, it 
should yield 1 mole of cysteic acid or cysteic acid amide (if the terminal 
carboxyl group of the cystine were in amide linkage). 2 mg. of the oxy- 
tocin preparation were treated with 1 ml. of performic acid at —5° to 
—10°. After 45 minutes, the solution was evaporated at reduced pres- 
sure (10 mm. of Hg) for 5 minutes, 4 ml. of water were added, and the 
material was lyophilized. The residue was redissolved and lyophilized 
again. The sample was dissolved in 0.2 ml. of water, and 0.05 ml. was 
applied to paper and chromatographed. After development of the nin- 
hydrin color, only one pink spot appeared (Rr = 0.8 to 0.9) which could 


/ not be attributed to either cysteic acid or cysteic acid amide. Under 


the same conditions samples of cysteic acid and of the cysteic acid amide 
gave Ry values of about 0.15. 

That oxidation of the oxytocin had occurred was shown by hydrolyzing 
the remainder of the sample in 6 N hydrochloric acid as previously de- 
scribed for oxytocin (1). The hydrolysate was freed of acid by evapora- 
tion and a quantity equal to 0.2 um was placed on paper. The spot of 
hydrolysate was neutralized by ammonia vapors before placing the paper 
in contact with the solvent, and a small beaker containing approximately 
3 ml. of 0.15 per cent ammonium hydroxide was placed in the jar during 
the chromatography. This chromatogram showed the pattern of amino 
acids obtained from hydrolyzed oxytocin preparations, with the exception 
that cystine was absent and cysteic acid was present. 

When a sample of the oxidized oxytocin preparation was hydrolyzed 
and analyzed for amino acids by the starch column technique, the pattern 








312 OXIDATIVE DEGRADATION OF OXYTOCIN 
was like that characteristic of oxytocin (1, 2), except for the disappear- 
ance of the cystine peak and the appearance of another peak partially | 
overlapping the glutamic acid peak (effluent ml. 59 to 66). This new | 
peak undoubtedly results from the presence of cysteic acid, which has | 
been stated by Moore and Stein (4) to emerge at effluent ml. 64. 

Attempted Separation of Components from Oxytocin Oxidized by Performic 
Acid—50 mg. of the oxytocin preparation were oxidized with 9 ml. of } 
performic acid and the reaction mixture was evaporated as described. | 
The final product was a white powder which showed no activity when 
assayed by the chicken blood pressure method. 48 mg. of this material 
were distributed for 110 transfers in a glass counter-current distribution 
apparatus (13, 14) with a solvent system of sec-butyl aleohol and 0.05 per 
cent acetic acid. The distribution curve, as determined (on 0.5 ml. por- 
tions removed from the aqueous phase) by the ninhydrin reaction of Moore 
and Stein (9), showed the presence of two peaks. The material in the 
slower moving peak had a high ninhydrin color yield and a low weight. 
Paper chromatography of a hydrolysate of this material showed no signifi- 
cant amounts of any of the constituent amino acids of the oxidized oxy- 
tocin to be present. The material in the other peak constituted the greater 
part of the weight (42 mg.) and when hydrolyzed showed the same amino 
acid pattern as the undistributed oxidized oxytocin preparation. After 
the solution containing this material was concentrated at low tempera- 
tures to a small volume and lyophilized, the solid residue was distributed 
through 170 transfers in a system of n-butyl alcohol and 6 per cent acetic 
acid. Here again a slow moving peak containing little material was ob- 
tained, and no definite amino acid composition could be shown by paper 
chromatography. The second peak contained 33.5 mg. of solids. A hy- 
drolyzed sample of this, when analyzed by the starch column technique, ’ 
likewise gave the amino acid pattern of the undistributed oxidized oxy- 
tocin preparation. The molar ratios of the amino acids to each other 
were as follows (leucine arbitrarily chosen as 1.00): leucine 1.00, isoleu- 
cine 1.00, tyrosine 0.96, proline 1.11, glutamic acid 1.05, cysteic acid 1.96, 
aspartic acid 1.11, and glycine 1.08. The molar ratio of the ammonia, to 
any one amino acid was approximately 3.7:1. 

Because no separation of components was achieved by counter-current 
distribution under the conditions used, attempts were made to demon- 
strate separation on paper. No separation occurred with phenol as a 
solvent, nor with butyl alcohol (normal, secondary, or tertiary)-acetic acid 
mixtures as solvent systems. , 

It is of considerable interest that no indication of the presence of more 
than one component in the oxidized oxytocin has so far been obtained 
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by counter-current distribution or by paper chromatography. Further 
investigation of this point is necessary. 


SUMMARY 


Oxidation of high potency oxytocin preparations with performic acid 
did not lead to the liberation of either cysteic acid or cysteic acid amide. 
That oxidation did take place was shown by the occurrence of 2 moles of 
cysteic acid in a hydrolysate of the oxidized material for each mole of 
cystine present in the original preparation. These results indicate that 
cystine does not occupy a terminal position in oxytocin. 

A method of synthesis of cysteic acid amide (6-sulfoalaninamide) has 
been presented. 


The authors wish to acknowledge the assistance of Mrs. Jacqueline 
Everett Parton with the starch column chromatography. The authors 
also wish to thank Dr. J. R. Rachele and Mrs. Tamara Brailovsky for the 
microanalyses. 
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AROMATIC BIOSYNTHESIS 
I. THE ROLE OF SHIKIMIC ACID 


By BERNARD D. DAVIS 


(From the United States Public Health Service, Tuberculosis Research Laboratory, 
Cornell University Medical College, New York, New York) 


(Received for publication, June 28, 1950) 


Biological aromatization of alicyclic compounds has long been known, 
though not in connection with the synthesis of essential metabolites. 
Quinic acid, a 1,3,4,5-tetrahydroxycyclohexanecarboxylic acid which 
could theoretically be aromatized by the elimination of water, has been 
most widely studied. This compound is converted to hippuric acid by 
man (1, 2) and to phenolic compounds by a variety of microorganisms, 
including molds, yeasts, and bacteria (3-8). In addition, aromatization 
has been reported, in both animals (9-12) and microorganisms (13), with 
various cyclic compounds whose conversion requires dehydrogenation. A 
review of biological aromatization has recently appeared (14). 

In the present study, based on the mutant methodology (15, 16), shikimic 
acid, a 3,4,5-trihydroxycyclohexene-1l-carboxylic acid closely related to 
quinic acid, is shown to play a central réle in aromatic biosynthesis. The 
evidence was obtained with a variety of auxotrophic (nutritionally de- 
ficient) mutants of Escherichia coli, isolated by means of the penicillin 
method (17, 18). In one group of mutants, with a multiple requirement 
for tyrosine, phenylalanine, tryptophan, and p-aminobenzoic acid (PABA) 
plus (19) a partial requirement for p-hydroxybenzoic acid, shikimic acid 
substituted for all the required aromatic compounds (20); quinic acid 
was inactive. Another group of mutants, blocked at later stages in 
aromatic synthesis, could be shown to accumulate shikimic acid in their 
culture filtrates. It is concluded that shikimic acid functions as a com- 
mon precursor of several aromatic metabolites. 


EXPERIMENTAL 


Materials and Methods—The mutants were isolated by the method 
previously described (17, 21) from the W strain of E. coli (ATCC 9637), 
following ultraviolet irradiation. Bacteriological experiments were per- 
formed at 35° on the minimal medium previously described (21) or on 
Medium A (22), supplemented as indicated. Solid media contained in 
addition 1.5 per cent agar. Observations of growth on solid media, 
though only semiquantitative, are more satisfactory for studying this 
type of problem than are precise measurements of turbidity in liquid media. 
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Growth of the mutant is readily distinguished on solid media from growth Tes 
of occasional reverted, nutritionally independent cells. In addition, slight | comp 
growth is recognized with more certainty and decreased growth rates are for th 
immediately apparent. | requir 
Liquid cultures of the mutants, in media enriched with 0.2 per cent gible 
enzymatic casein hydrolysate (Sheffield NZ-Case) plus PABA, or 0.2 per __ stitut 























cent yeast extract, were stable in the refrigerator for several months. The 
Streaks on solid media were made from a loopful of such a culture diluted | growt 
in 1 ml. of phosphate buffer.’ | oan 
Mutants Blocked in Aromatic Synthesis—The growth requirements of | heavy 
TasBLeE I j bined 
Growth Requirement of Certain Aromatic Auxotrophs any ‘ 
Ty represents tyrosine, Ph phenylalanine, Tr tryptophan, P PABA, POB p-hy- ) rathe 
droxybenzoic acid; partial, partial genetic block. ) = ] 
\ 
— Category | Growth requirement | fs wr sapd 2 ) pte 
| ~~~ | benazc 
83-20 | Double (partial) Slow; minimal 0 } and ) 
Fast; Ty + Ph RE: 
83-22 | Triple ((?) partial) | Very slow; Ty + Ph lo }  liquic 
Fast; Ty + Ph + Tr , Shiki 
83-23 “ (partial) Very slow; minimal Substitutes for Tr Othe 
Moderate; Ty + Ph only shiki 
Fast; Ty + Ph + Tr { 
83-2 | Quadruple (partial) < “+ “+ “+P | Substitutes forTr+ | ane 
plows) “see So ce 6 P only | pan 
83-1 | Quintuple “ «4+ & 4 & 4+ P | Substitutes rapidly | ing Ss 
Fast; same + POB for Tr + P + {| Of 
| POB; slowly for } as a 
| Ty + Ph 1 cm 
r Seles ‘ ; | trypt 
certain mutants are presented in Table I. Strains are shown with a dane 
double requirement for tyrosine and phenylalanine, a triple requirement tent] 
for these plus tryptophan, and a quadruple requirement for these three 95): 
amino acids plus PABA. Strain 83-1 is listed in Table I as a quintuple , ‘a a 
auxotroph, although it was isolated with a quadruple supplement; for | aos 
rapid growth it also requires p-hydroxybenzoic acid (19). Evidence will | 
be presented elsewhere that each of these multiple requirements is due an 
to the absence of a common precursor, caused by a mutation which pre- ss 
sumably eliminates the activity of a single enzyme. | ca 


1The shikimic acid (m.p. 183.5-184.5°), isolated from the Chinese star anise | ¢jna/ 
(Illicium religiosum) by H. O. L. Fischer, was furnished by R. Y. Stanier. For } carb 
other compounds we are indebted to L. D. Abbott, C. P. Berg, D. M. Bonner, J. §. ‘ta 
Fruton, C. Y. Hopkins, I. M. Klotz, H. K. Mitchell, and S. Ochoa. Most of the 
materials tested were commercial preparations. rete: 
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Testing of Possible Precursors—A variety of aromatic and hydroaromatic 
compounds were studied as substitutes for individual factors as well as 
for the total requirements of the several mutants with multiple aromatic 
requirements. Para-substituted compounds were especially tested as pos- 
sible precursors of tyrosine, and ortho-substituted compounds as sub- 
stitutes for anthranilic acid, a known precursor of tryptophan. 

The only compound found to serve as a substitute for more than one 
growth factor (Table II) was shikimic acid. It satisfied the total re- 
quirement of certain mutants (e.g., strain 83-1), the amount required for 
heavy growth being approximately the same (30 y per ml.) as the com- 
bined quintuple aromatic supplement. The growth of these mutants on 
any concentration of this compound alone, however, took place at a 
rather slow rate. In contrast, a mixture of shikimic acid plus tyrosine 
and phenylalanine permitted growth at a normal rate, equal to that of 
the wild type parent strain. It therefore appears that, in these mutants, 
shikimic acid is converted rapidly to PABA, tryptophan, and p-hydroxy- 
benzoic acid, but more slowly, relative to growth requirements, to tyrosine 
and phenylalanine. (A quantitative experiment on the growth rate in 
liquid medium showed that strain 83-1 grew 62 per cent as rapidly on 
shikimic acid alone as on this compound plus tyrosine and phenylalanine.) 
Other mutants are described in Table I (strains 83-23, 83-2) in which 
shikimie acid, though it substitutes well for PABA and tryptophan, 
practically does not substitute at all for tyrosine and phenylalanine; only 
microscopic colonies appear after 2 to 3 days. This difficulty in convert- 
ing shikimic acid to tyrosine and phenylalanine will be discussed below. 

Of the other compounds tested (Table II), phenylpyruvic acid served 
as a substitute for phenylalanine with all of the mutants requiring this 
compound (cf. (23) ), and anthranilic acid and indole as substitutes for 
tryptophan with all of the multiple aromatic and with certain tryptophan 
auxotrophs. p-Nitrobenzoic acid was found to have approximately one- 
tenth the activity of PABA, as has been reported for Neurospora (24, 
25); this effect, however, is probably due to non-specific ‘phytochemical’’ 
reduction of the nitro group rather than to a function as a normal inter- 
mediate. 

p-Hydroxyphenylpyruvic acid had very little activity as a substitute 
for tyrosine with any mutant, in confirmation of the results reported for 
a tyrosine auxotroph of FE. coli (23). It became highly active, however, 
when the pH of the medium was reduced from 7.0 to 5.5, or when suc- 
cinate or certain other compounds were substituted for glucose as the 
carbon source at pH 7.0. Because of this striking influence of the medium 
some compounds that appeared especially plausible as intermediates were 
retested under these two sets of altered conditions (pH 5.5; substitution 
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TasB_e II 

















Activity of Substitutes for Aromatic Metabolites Com] 
The compounds were tested in solid media at a concentration of 100 and 10 y per f 
ml. Control streaks of wild type showed inhibition by a few compounds at 100 but } 4 
not at 10 y per ml. Substitution for the quadruple (or relative quintuple) require- 4 
ment (tyrosine, phenylalanine, tryptophan, and PABA) was tested with a quin- | 4 
tuple auxotroph (strain 83-1) in the minimal medium; substitution for each single 5 
compound was tested with this strain, as well as a triple (strain 83-4P1), double (strain } 5 
83-20), and an appropriate single auxotroph, in medium supplemented with the three } 5 
aromatic nutrilites other than the one being tested. / : 
Compound No. Substitute for quadruple requirement } 5 
1 Active.  Shikimic acid 
2 Inactive. Quinic acid 
3 # Cyclohexanol ) 
4 a5 Cyclohexy1! carbinol ) 5 
5 s Cyclohexanecarboxylic acid 
6 " Cyclohexene ) 
7 es Cyclohexanone b 
8 : Cyclohexylamine \ 
9 sal 1-Aminocyclohexanecarboxylic acid 
10 es meso-Inositol b 
11 . Inosose (pentahydroxycyclohexanone) 5 
12 s Benzoic acid é 
13 Phenylacetic acid 
14 * trans-Cinnamic acid 
15-16 ee o-, p-toluic acid ) 
17-18 ft 0-, p-phthalic acid 
19-21 ee o-, m-, p-hydroxybenzoie acid | 
22 Anthranilic acid P 
y: 35 p-Aminobenzoic acid } ’ 
24 6 Protocatechuic acid (3,4-dihydroxybenzoic acid) } F 
25 ne Gallic acid (3,4,5-trihydroxybenzoic acid) 
26 sd o-Coumaric acid (o-hydroxycinnamic acid) | 
27 a Coumarin F 
28 se p-Hydroxycinnamic acid \ P 
29 za Homogentisic acid P 
30 od 3,4-Dihydroxyphenylalanine ’ é 
31 bi Caffeic acid (3,4-dihydroxycinnamic acid) N € 
é igen ee 
32 Tropic acid P 
33-35 wh o-, m-, p-toluidine 
36-38 ee 0-, m-, p-aminophenol 
39 ws Phenol 
40 “id Catechol | 
41 * Resorcinol r 
42 xis Guaiacol 
43 e Hydroquinone 
44 Phloroglucinol * 
45 - Pyrogallol glue 
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Compound No. Substitute for quadruple requirement 
a 46 | Inactive. Benzaldehyde 
om 47 | ii Cinnamaldehyde 
ins | 48-49 o-, p-Hydroxybenzaldehyde 
gle 50 af Protocatechuic aldehyde (3, 4-dihydroxybenzaldehyde) 
ain } 51 | - Vanillin (3-methoxy-4-hydroxybenzaldehyde) 
on 52 s o-Aminobenzaldehyde 
; 53 | “4 Kojic acid 
— 54 se trans-Aconitic acid 
} 55 bd B-Ketoadipic acid 
} Substitute for phenylalanine 
) 1 | Active. Shikimic acid (for quintuple only) 
) 56 ; Phenylpyruvic acid (for all) 
| Inactive (for all); 12,* 18,* 14, 24,* 25, 26, 27, 29, 30, 31, 32, 46,* 47, 48, 
) | 49, 50,* 51, 52, 53 
57 Inactive (for all); phenylethylamine 
j 
Substitute for tyrosine 
, 
1 Active. Shikimic acid (for quintuple only) 
, 58 p-Hydroxyphenylpyruvic (at acid pH, for all) 
Inactive (for all); 12,* 16, 21,* 24,* 25, 28,* 29, 30, 31, 46,* 49,* 50,* 
51, 56 
Substitute for tryptophan 
1 Active. Shikimic acid (for quintuple only) 
} 22 ae Anthranilic acid (for quintuple, triple, and one single auxo- 
troph (121-35)) 
i 59 Active. Indole (for quintuple, triple, and two single strains (121-35 
| and 19-2)) 
Inactive (for all), 12, 15, 17, 19, 26, 27, 33, 36, 48, 52 
60 : Ss Tryptamine (-) 
61 sf « «  Indoleacetic acid 
, 62 a6 « «~~ Indolepyruvic acid 
63 sf « « ~ Kynurenic acid 
4 64 es OS Kynurenine 
65 “f 8 Quinolinic acid 
| Substitute for PABA 
| 
| 1 Active. Shikimic acid (for quintuple only) 
| 66 p-Nitrobenzoic acid (for quintuple, single) 


Inactive; 2, 21,* 38 








* Tests were also performed at pH 5.0, and with substitution of succinate for 
glucose at pH 7.0. 
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of succinate for glucose). These tests are starred in Table II. No activity 
was observed. 

Search for Mutants Requiring Shikimic Acid or Related Compounds— 
Several mutants were isolated by the penicillin method with shikimic acid 
as the supplement. These could not be distinguished by tests for syn- 
trophism (cross-feeding) (20), or response to various growth factors, from 
the several quintuple auxotrophs (e.g., strain 83-1) previously isolated 
with the use of a multiple aromatic supplement. 

Though quinic acid (26), meso-inositol (27), and phloroglucinol (28, 
29) have been suggested as possible intermediates in aromatic biosynthesis, 
repeated attempts with the penicillin method yielded no mutants respond- 
ing to these compounds. Furthermore, despite the close structural re- 
lationship between shikimic acid and quinic acid, the latter does not 
serve as a growth factor for any of the available quintuple or quadruple 
auxotrophs, even in a concentration of 500 y per ml. 

Accumulation of Shikimic Acid and Related Compound X by Mutanis— 
Tests for syntrophism between adjacent streaks on media with limited 
enrichment showed that strain 83-1 was fed by all of the multiple aromatic 
auxotrophs except those that appear to be identical with strain 83-1 
itself. The activity of culture filtrates of these feeding strains corre- 
sponded to approximately 50 to 200 y of shikimic acid per ml. The 
active materials were studied by paper chromatography, the position of 
the spots being recognized by incubating the developed paper strips 
overnight on thin layers of agar medium heavily seeded with strain 83-1; 
the sensitivity of the test was increased by supplementing the medium 
with tyrosine, phenylalanine, and occasionally tryptophan. 

With n-butanol-acetic acid as the developing agent, the filtrates fell 
into two classes. Only two members of each class are described in Table 
I; others will be described elsewhere. The culture filtrates of strain 
83-20 (partially blocked double) and strain 83-22 (triple) yielded two 
chromatographic spots. Approximately 90 per cent of the microbiological 
activity had the same mobility as shikimic acid, the rest being found 
in a small spot of lower mobility denoted as Compound X. In contrast, 
strain 83-2 (quadruple) and strain 83-23 (partially blocked triple) showed 
only a large spot of Compound X and no shikimic acid. 

Filtrates of each class were also chromatographed with two other sol- 
vents. The results presented in Table III agree with those obtained 
with the first solvent. In addition, since the relatively large volumes 
of filtrate used (0.05 and 0.1 ml.) could be shown to affect the chromato- 
graphic mobility of the compounds, mixtures of shikimic acid with certain 
filtrates were tested in two solvents (phenol-water and butanol-acetic acid); 
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“— while the spot of Compound X remained unchanged. It is concluded 
that shikimic acid is accumulated in the medium by certain strains.2 The 
use of ultraviolet spectrophotometry for additional identification was un- 
satisfactory, as shikimic acid was found to cause only end-absorption 
from 280 to 220 mu. 





ls— 
cid 
yn- 
rom | 
ited TaBLeE III 
Paper Chromatography of Culture Filtrates and Shikimic Acid 
(28, _ The Ry values for n-butanol-ammonia were all zero. 
»sIS, 
ynd- 
Te- 
not 


iple 





Rr 
Material 





n-Butanol-acetic acid | n-Phenol-water 





SHERBNIC SOE oes. so icc sare ok ee ods . 0.46 0.36 
MUETAtO Bae =o ore ncoe ss avo ue erent (1) 0.48 (Shikimic) 0.34 
(2) 0.22 (Compound X) 
ese Me Ait (1) 0.43 (Shikimic) 0.35 
is— (2) 0,22 (Compound X) 
ited eran urclsys hea hay toatl ava ornte 0.22 0.39 


atic 1 7 CRE eer CH 0.22 “ 0.39 
33-1 


“  83-22.. 











The data reported above were obtained with relatively large volumes of filtrate 


TE- (0.05 ml.) in order to show the small amounts of Compound X present in Filtrates 
The 83-20 and 83-22. This volume of filtrate slightly slowed (about 5 to 7 per cent) the 
n of migration of shikimic acid in either butanol-acetic acid or phenol, as is seen above 


by comparing the filtrates with pure shikimic acid; when the filtrate volume was 
reduced to 0.002 ml., the mobility of shikimic acid in the filtrates was restored to 
normal. Similarly, the mobility of Compound X in phenol was also increased by 
5 per cent at the lower filtrate volume. In contrast, the mobility of Compound X 
in butanol-acetic acid was extraordinarily sensitive to filtrate volume. At 0.05 ml 
it gave a round spot of Rp 0.22; at 0.002 ml. it gave a round spot of Ry 0.44, essen- 
tially identical with shikimic acid, while at an intermediate volume of 0.01 ml. 
there was an elongated spot extending from about 0.22 to 0.44. This phenomenon 
apparently depends on the buffer capacity of the filtrate and a difference in the dis- 
| sociation constants of Compound X and shikimic acid, for the same effect can be 
ical | | produced with shikimic acid by increasing the pH of the filtrate; there is also 
und independent evidence that Compound X is a stronger acid than shikimic. In 
rast, ) butanol-formic acid, Compound X migrates even more rapidly than shikimic acid; 
wks respective Rr values are 0.34 and 0.47. 
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Compound X, like shikimic acid, moves in n-butanol-acetic acid but 
Ssol- fails to move in n-butanol-ammonia (Table III). It is therefore probably 
ined | also a highly polar organic acid. In contrast to shikimic acid, its activity 


} 
mes | is largely destroyed by autoclaving the culture filtrate at 120° for 15 
1ato- | 

| * As further evidence of identity, it may be noted that mutant strains 83-2 and 


—_ 83-23 can use the filtrates considered to contain shikimic acid, just as they can use 
cid); known shikimic acid, to satisfy those parts of their requirements with the excep- 
ular, | tion of tyrosine and phenylalanine. 
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minutes. Compound X has recently been isolated by I. I. Salamon in | utiliza 
this laboratory in crystalline form; m.p. 148°. block 


Certain mutants (strains 83-20, 83-22) accumulate both shikimic acid | POSS! 


and Compound X, while others (strains 83-2, 83-23) respond to shikimic | sine : 
acid (at least partly) and accumulate only Compound X. The latter is aces 
therefore a precursor of shikimic acid, which in turn is a precursor of at that 


least five aromatic metabolites. _ the o 

Effect of Tyrosine and Phenylalanine on Accumulation of Shikimic Acid— , °2V 
In the syntrophism experiments described above, the concentrations of | ‘YP! 
supplements were sufficient to allow heavy growth of the feeder strains | DOV 
(L-tyrosine 20 y, pi-phenylalanine 40 , L-tryptophan 5 y, PABA 0.01 , 9¢cu 


y per ml.). Feeding of the quintuple indicator strain 83-1 by a variety | evide 
of mutants with double and quadruple requirements could be demon- | other 
strated on media with double and quadruple supplements, respectively, and 
of these concentrations. The triple auxotrophs (strains 83-22, 83-24, | So 
and 83-4P1), however, occupied the anomalous position of neither feed- | read 
ing the quadruple or quintuple auxotrophs on a medium with the triple | tain 
supplement, nor being fed by the double auxotrophs on a medium with | havé 
a double supplement; they ‘have been so reported (20). It was later | E. . 
discovered, however, that, if the concentration of either tyrosine or phenyl- | shik 
alanine is reduced to 1 to 5 y per ml., the triple auxotrophs, though grow- we 
ing less heavily, feed strain 83-1 well, the excreted product being shikimic | kete 
acid. Even high concentrations (100 y per ml.) of tryptophan, in con- ) hyd 
trast, fail to interfere with the accumulation. ti 
or 
DISCUSSION wert 
The utilization of shikimic acid as a growth factor by certain mutants thel 
of EZ. colt, in an amount similar to the sum of the four or five aromatic ] tern 
requirements for which it substitutes, suggests that this compound isa | mec 
normal metabolic intermediate. The accumulation of shikimic acid by R 
mutants requiring tyrosine plus phenylalanine, or these plus tryptophan, | for 
further establishes this conclusion as definitely as is possible with the ster 


mutant methodology alone. Sin 
Growth of the quintuple auxotroph, strain 83-1, on shikimic acid alone, { UX 


however, is rather slow (62 per cent) compared with growth on this com- nut 
pound plus tyrosine and phenylalanine. To attempt to reconcile this fact mu: 
with the postulated function of shikimic acid as a normal precursor of these 1 
amino acids, it might be noted that, in certain other triple and quadruple the 
auxotrophs, shikimic acid hardly functions at all as a substitute for tyrosine 3 


and phenylalanine, even though it serves perfectly well as a substitute for | able 
PABA and tryptophan. Furthermore, the four members of this class — of § 
all accumulate Compound X, whereas the ten available mutants that can i 
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utilize shikimic acid as a slow substitute for tyrosine and phenylalanine are 
blocked earlier and do not accumulate Compound X. It therefore appears 
possible that the interference with the conversion of shikimic acid to tyro- 
sine and phenylalanine may be a secondary effect of the mutations, pre- 
sumably via abnormal accumulation of some metabolite. In the class 
that accumulates Compound X, the interference would be complete; in 
the other group it would be only partial.2 The postulated interference in 
conversion of shikimic acid to tyrosine and phenylalanine (but not to 
tryptophan) receives further indirect support from the observation, noted 
above, that tyrosine and phenylalanine (but not tryptophan) inhibit the 
accumulation of shikimic acid by the triple auxotrophs. We have obtained 
evidence of symmetrical competitive inhibition between intermediates in 
other biosynthetic reactions in E. coli, including the synthesis of tyrosine 
and phenylalanine as well as isoleucine and valine (20). 

Some of the intermediates between shikimic acid and tryptophan are al- 
ready known: anthranilic acid and indole satisfy the requirements of cer- 
tain tryptophan auxotrophs of EF. coli (30) and Neurospora (31). We 
have further found these two precursors to be accumulated by mutants of 
E. coli. In contrast, though many intermediates must exist between 
shikimic acid and tyrosine and phenylalanine, none are accumulated by 
available mutants and no substitutions have been effective up to the a- 
keto acids corresponding to these amino acids. In particular, benzalde- 
hyde, benzoic acid, and cinnamic acid were inactive as substitutes for 
phenylalanine, and the corresponding p-hydroxy compounds as substitutes 
for tyrosine, even under conditions of pH and with a carbon source that 
were found to activate the a-keto acid corresponding to tyrosine. Never- 
theless, these compounds cannot be rigorously excluded as metabolic in- 
termediates on the basis of their failure to substitute when added to the 
medium. 

Removal of 2 molecules of water has been suggested as a plausible path 
for the aromatization of shikimic acid (82, 33). If these were the first 
steps, p-hydroxybenzoic acid would be anticipated as a precursor of PABA. 
Since this compound fails to substitute for PABA with the quintuple 
auxotroph and since its permeability is assured by its function as a separate 
nutrient in the same mutant, the conversion of shikimic acid to PABA 
must proceed through another route. 

The source of shikimic acid is as obscure as its fate. The identity of 
the configuration of carbon atoms 3, 4, and 5 with those of glucose (32, 


3 By use of appropriate mutants and the pure Compound X recently made avail- 
able, Compound X has been directly demonstrated to interfere with the conversion 
of shikimic acid to tyrosine and phenylalanine. These results will be published 
separately. 
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34-36) and quinic acid (32, 36) has been considered suggestive (32); more- 
over, the latter has been converted to shikimic acid (87) and aromatized 
(38) in vitro, and is much more widely distributed than shikimic acid 
in plants (39). Quinic acid showed no activity, however, with any 
available mutants, and none requiring it could be obtained. It is unlikely 
that we have simply failed to obtain a mutant with an early enough block 
to respond to quinic acid, since this compound, if active, would be expected 
on structural grounds to be the immediate precursor of shikimic acid, and 
hence to be used by the strains that respond to Compound X. It is con- 
cluded that quinic acid either is an unlikely participant in this chain of 
biosynthesis or cannot penetrate the cell. The reported growth-promoting 
effect of quinic acid on.a Neurospora mutant (40) need not implicate it as 
a normal intermediate, since the concentrations required are beyond the 
physiological range and the mutant concerned is atypical, responding 
alternatively to a variety of compounds. 

The wide-spread distribution of the shikimic path of aromatization is 
indicated by the observation of Tatum and Garnjobst‘ that this compound 
supports growth of a Neurospora mutant with the same quadruple aromatic 
requirement described here. Indeed, shikimic acid, with three asymmetric 
centers, offers a striking example of the unity of biochemistry; of its eight 
possible diastereoisomers, the one present in certain plants is an inter- 
mediate in aromatic synthesis in a bacterium and a mold. 


It is a pleasure to acknowledge the excellent technical assistance of 
Elizabeth Mingioli and Elise Cahn, and my indebtedness to Roger Stanier 
for suggesting shikimic acid. 


SUMMARY 


Mutants of Escherichia coli have been obtained with a multiple require- 
ment for tyrosine, phenylalanine, tryptophan, p-aminobenzoic acid, and a 
relative requirement for p-hydroxybenzoic acid. Shikimic acid, a trihy- 
droxycyclohexenecarboxylic acid, substitutes for the quintuple require- 
ment of these strains, apparently functioning as an early intermediate in 
aromatic synthesis. This conclusion is further supported by the accumu- 
lation of shikimic acid in the culture filtrates of other mutants with aro- 
matic requirements. Still other mutants accumulate an unknown ther- 
molabile precursor of shikimic acid, Compound X. 

No other available aromatic or hydroaromatic compounds, including 
quinic acid, satisfy the multiple aromatic requirements. Of many com- 
pounds tested as possible intermediates between shikimic acid and the 
aromatic amino acids, only the corresponding a-keto acids substitute for 
phenylalanine and tyrosine, and indole and anthranilic acid for tryptophan. 


4 Personal communication, 
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EFFECTS OF INCUBATING DESOXYCORTICOSTERONE 
WITH VARIOUS RAT TISSUES* 


By JOHN J. SCHNEIDER anp PATRICIA M. HORSTMANN 


(From the Department of Experimental Medicine, Jefferson Medical College, 
Philadelphia, Pennsylvania) 


(Received for publication, January 10, 1951) 


While the physiological activity of desoxycorticosterone has been the 
subject of a great many reports (Noble (3)), little information is available 
dealing with the metabolism of this compound. It has been shown that 
the administration of desoxycorticosterone leads to an increased excretion 
of pregnanediol in a number of species including man (4-8) and that the 
liver is the chief site of inactivation of this hormone (9, 10). It is also 
generally agreed that desoxycorticosterone has definite progestational (11- 
14) but slight or no androgenic activity (15-17) and that its administra- 
tion to human subjects is not followed by the. elimination of significant 
amounts of 17-ketosteroids (18). 

Recently, the importance of this hormone has become more apparent 
with the demonstration (19-21) that it can serve as an immediate precur- 
sor in the biosynthesis in the adrenal of other, more complex adrenocor- 
tical compounds. 

This communication, the first in this series with adrenocortical com- 
pounds, is concerned with the description of a procedure for the quantita- 
tive recovery and measurement of desoxycorticosterone added to tissue, 
and gives the results of some initial experiments in which this steroid was 
incubated with various surviving tissues of the rat. The procedure in- 
cludes the preparation of an acetone extract of the incubation mixture, 
followed by chromatography and the application of ultraviolet spectro- 
scopy and periodic acid oxidation to a suitable eluate. Subsequent 
reports will include studies of the metabolic fate of this and other adreno- 
cortical compounds when incubated with tissues from various species. 


Methods 


Incubation—In general, desoxycorticosterone! was incubated as the free 
compound in Krebs’ phosphosaline buffer (22) at a steroid to tissue ratio 


* This investigation was supported by a research grant from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service. This 
is Paper III in our series on ‘‘Studies in intermediary steroid metabolism’? (Papers 
I and II (1, 2)). 

1 We are indebted to Dr. E. Oppenheimer, Ciba Pharmaceutical Products, Inc., 
Summit, New Jersey, for generous supplies of this hormone and its glucoside. 
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of from 1:200 to 1:300. Solution of the steroid is achieved by dissolving __ tively 
12 to 14 mg. amounts in 0.25 ml. of absolute ethanol in a 25 ml. volumet- analy 
ric flask. The flask is then warmed, and the solution is rapidly diluted to _ graph 
approximately 20 ml. with near boiling buffer, cooled, and brought to 25 __ it po 
ml. with added buffer. Such solutions are no more than faintly turbid Ch 
and remain stable (that is, do not crystallize) for an hour or more. 2 ml. | Celit 
volumes of this solution are pipetted into 50 ml. Erlenmeyer flasks. After Asa 
the addition of the tissue (as slices in most cases?) and other factors, the supp 
vessel is flushed with the appropriate gas, loosely stoppered, and placed in end « 
a Dubnoff (23) metabolic incubator. Incubation is then carried out at first 
38° for periods of 1 to 3 hours. In all cases the experiments were carried | The 
out in such a fashion as to include a pair of vessels containing steroid and | ent 
tissue worked up without incubation (control vessels) and pairs of vessels Ther 
containing buffer and tissue only, worked up in one case without and in | tle. 
the other after incubation (blank vessels). ent | 
Protein Precipitation and Extraction—At the conclusion of the incuba- and 
tion period, 30 ml. of acetone are added to each flask. After allowing the crac 
flasks to stand for a short period with occasional gentle shaking, the con- _ benz 
tents are filtered through paper (Whatman No. 4, 55 mm., supported ona _ trac’ 
conical funnel) into a 200 ml. round bottom, long necked flask fitted with é 
a standard taper 24/40 joint. The slices and flask are washed several cont 
times with small volumes of hot acetone; ultimately the slices are sepa- occa 
rately ground with fine, washed sand and acetone in a small mortar, and __ the 
the mixture is transferred to the funnel for several additional washings _ to f 
with hot acetone. The faintly turbid acetone filtrate is then concen- | com 
trated by distillation at low temperature in vacuo in an all-glass appara- __ the 
tus. (The remaining water is also removed in vacuo but this must be inne 
done with particular care to avoid spattering; this is best accomplished add 
by rotating the flask by hand in a water bath kept at or under 40°.) by | 
Chromatography—This step was designed to separate the surviving des- dry 
oxycorticosterone from the associated tissue extractives which would : cott 
otherwise interfere with the analytic procedures. The apparatus and pro- rou 
cedure here described function very adequately in this regard, quantita- _por' 


2 The rats used in this study were 150 to 250 gm. males, descendants of the Wistar plyi 
strain, purchased from the Albino Farms, Redbank, New Jersey. They were killed dry 


by decapitation and the required organs removed and chilled in finely divided ice. T 
Slices were prepared from the left lateral lobe of the liver by free hand section in a pre] 
plane perpendicular to the long axis. This is readily done by compressing the lobe orig 
with a 40 X 100 mm. glass slide and drawing a razor blade along the edge of the short de 

side. After decapsulation, the kidneys are hemisected through the lateral margin y 
and hilus and slices are cut in a plane perpendicular to this. The chilled diaphragms ; I 
are dissected of extraneous tissue and divided into four to six sectors. The adrenal In | 
glands are divided after the removal of associated fat. Qu: 
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tively returning the applied steroid in a form pure enough for direct 
analysis. We have not found it necessary to supplement the chromato- 
graphic procedure with other fractionating techniques nor have we found 
it possible to substitute them for it. 

Chromatography is carried out on 1:1 (by weight) magnesium silicate- 
Celite mixtures at a steroid to adsorbent ratio of approximately 1:1000. 
As a standard procedure, 400 to 450 mg. of adsorbent mixture are used, 
supported on a coarse fritted glass plate sealed into the lower (stop-cock) 
end of an 18 X 180 mm. all-glass column. Such columns are prepared by 
first placing a rather tightly fitting piece of filter paper on the glass plate. 


_ The tube is filled with benzene and allowed to drain slowly as the adsorb- 
' ent mixture is added and thoroughly stirred to achieve homogeneity. 


Thereafter the stop-cock is fully opened and the adsorbent allowed to set- 
tle. When the benzene level has fallen to about 5 cm. above the adsorb- 
ent layer, the latter is surmounted by a loosely fitting fritted glass plate 
and a 2 cm. layer of glass beads which compress the column and prevent 
cracking and channeling at later periods. The column is refilled with 
benzene and allowed to drain to the level of the glass beads before the ex- 
tract is added. 

The extract is prepared by adding 25 ml. of dry benzene to the flasks 
containing the dried acetone extract. The flask is stoppered, and, after 
occasional swirling, 10 ml. of the extract are withdrawn and applied to 
the prepared column. The stop-cock is opened and the extract allowed 
to flow on to the column. (An unexplained, transient blue-green color 
commonly develops at this point if liver is the tissue incubated.) When 
the surface of the benzene reaches the mid-point of the glass beads, the 
inner walls of the column are washed down with 10 ml. of dry benzene, 
added in three or four portions as the fluid level falls. This is followed 
by 10 ml. of 50 per cent (by volume) dry ether in benzene and 10 ml. of 
dry ether. At this point the collected washings are discarded, a small 


. cotton plug is inserted into the exit tube of the column, and a 500 ml. 


round bottom, long necked flask (standard taper 24/40 joint) is sup- 
ported under the exit tube. The desoxycorticosterone is eluted by ap- 
plying a total of 250 ml. of dry ethyl acetate. This in turn is taken to 
dryness at low temperature in vacuo. 

The chromatographic procedure is controlled and a standard solution 
prepared for the subsequent analyses by drying two 2 ml. samples of the 
original steroid-buffer solution in round bottom flasks, adding 25 ml. of 
dry benzene, and chromatographing 10 ml. aliquots. 

In this laboratory ten such columns are routinely prepared and used 
in a period of 8 hours. The magnesium silicate (No. 34, Philadelphia 
Quartz Company, Berkeley, California) and the Celite (analytical filter 








330 DESOXYCORTICOSTERONE 


aid, Johns-Manville) were mixed in equal proportions by weight and 
passed through a No. 20 screen before use. All solvents were of analytic 
grade. Thiophene-free benzene, acetone, and absolute ether were distilled 
before use. The ethyl acetate was distilled from anhydrous potassium 
carbonate. It is essential that all apparatus and solvents be dry. 

Analytical Procedures—It was found possible and advantageous to meas- 
ure independently the two functional groups of the recovered desoxycorti- 
costerone. The conjugated unsaturated system was measured by ultra- 
violet spectroscopy and the a-ketol side chain by periodate assay. 

The eluate residue is prepared for analysis by adding 10 ml. of 10 per 
cent ethanol to the flask and briefly agitating it. 


Periodate Assay—The procedure used is based on the method of Daugh- 


aday et al. (24) for determining the formaldehydogenic steroids in urinary 
extracts. 2 ml. aliquots of the 10 per cent alcoholic solution are placed 
in 50 ml. round bottom, short necked oxidation-distillation flasks (stand- 
ard taper 19/38 joint), where they are diluted to 5 ml. with 10 per cent 
alcohol, and oxidized and distilled in the routine fashion. Care is taken 
to distil the contents of the flask nearly to dryness. The distillate is col- 
lected in a 10 ml. volumetric flask, which is ultimately brought to volume 
with 10 per cent alcohol. A 2 ml. aliquot is removed and heated for 30 
minutes at 100° with 5 ml. of the chromotropic-sulfuric acid reagent in 
the usual fashion. The solutions are ultimately read at 580 my in an 
Evelyn colorimeter against a corresponding series distilled after the addi- 
tion of 1 ml. of a solution consisting of equal volumes of periodic acid and 
stannous chloride solutions. The optical density (D or L) values for elu- 
ates from blank vessels (both without and after incubation) are rarely 
greater than 0.025 and usually less than 0.015. 

Ultraviolet Spectroscopy—2 ml. samples of the 10 per cent alcoholic solu- 
tion are diluted to 5 or 10 ml. with 10 per cent alcohol and the absorption 
is measured at 240 my in a Beckman spectrophotometer. The transmis- 
sion at 240 my of eluates from blank vessels is consistently 95 per cent and 
commonly 98 per cent or better. The results are expressed in terms of 
optical density (D) values. 


Results 
Recovery of Desoxycorticosterone Added to Tissue—When the procedure 


is employed with ultraviolet spectroscopy as the analytic method, the | 


recovery of known amounts of desoxycorticosterone added to tissue (rat 
liver slices in most instances) averaged 98.5 per cent and ranged from 
94.2 to 100 per cent in eighteen experiments. In each instance the 
density values obtained at 240 my were first corrected for the small non- 
specific absorption given by the blank vessels and then compared with the 
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values given by the standard solutions. Duplicate values agreed very 
closely, commonly giving the same density readings. 

Recovery values with periodic acid oxidation as the analytic method 
ranged from 93.0 to 102 per cent and averaged 96.5 per cent. The density 
values were corrected and the per cent recovery was determined as indi- 
cated above. 


TaBLeE I 
Incubation of Desoxycorticosterone with Surviving Rat Liver Slices 
Blank vessels (Nos. 1, 2, 5,6) contain 250 mg. of slices suspended in 2 ml. of buffer. 
Control (Vessels 3 and 4) and experimental vessels (Nos. 7 and 8) contain 250 mg. 
of slices suspended in 2 ml. of buffer containing 1050 y of desoxycorticosterone. 
Gas phase, O2; incubation time, 3 hours at 38°. 











Ultraviolet spectroscopy Periodate assay 
b ~~ a. Per cent Per cent 
= a ee At 240 Average | recovery | Per cent} At 580 Average | recovery “= cont 
my corrected ‘ kA ' reduction my corrected x..* dation 
hrs. D D D D 
1 0 0.008 0.010 
2 0 0.008 0.012 
3 0 0.295 0.184 
4 | 0 | 0.293 —— 0.185 } — 
5 3 0.010 0.020 
6 3 0.008 0.022 
7 3 0.190 0.148 
8 3 0.192 0.182 | 64.8 | 35.2 0.151 0.128 | 75.0 | 25.0 
9t 0.295 0.184 
10 0.296 |f 2-296 o.1s2 |f 9-188 
































* Average optical density values for control and experimental vessels less corre- 
sponding blank vessel values. 

t Recovery values of experimental vessels + (100 minus control recovery values). 

t Vessels 9 and 10 contain 2 ml. of steroid-buffer solution dried and chromato- 
graphed directly. 


Incubation of Desoxycorticosterone with Rat Liver—In most experiments 
the system used consisted of surviving rat liver slices (200 to 300 mg., wet 
weight) suspended in 2 ml. of phosphosaline buffer containing approxi- 
mately 1000 y of free desoxycorticosterone. The gas phase was oxygen, 
but no other factors were added. Incubation was usually carried out for 
3 hour periods at 38°. The data for one such experiment are given in 
Table I. It is clear that in this system extensive loss (presumably re- 
duction) of the conjugated unsaturated system occurs and that appreci- 
able degradation or loss (reduction beyond the a-glycol stage or cleavage) 
of the side chain takes place. 
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The activity of the enzyme systems concerned with the reduction of the E 
conjugated unsaturated system varies rather widely from one preparation beer 
to the next, even though the livers are obtained from litter mates and the vol’ 


slices prepared in an apparently identical fashion. The most active prep- __ diti 
aration encountered reduced 56.0 per cent of the added desoxycorticos- | the 
terone by 3 hours (corresponding to 2.2 y per mg. of wet weight tissue), if 


the least active, 10.5 per cent, and the average in fourteen experiments, slice 


100 
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INCUBATION TIME, HOURS «“ 
Fig. 1. Reduction of conjugated unsaturated system of free desoxycorticosterone a 
(upper curve) and desoxycorticosterone glucoside (lower curve) upon incubation [ 
with surviving rat liver slices. 1 ae 
Ad 
31.2 per cent. This activity may be detected in as short a period as 10 a 
minutes and appears to be maximal during the Ist hour of incubation ex] 
(Fig. 1). wit 
In such liver slice preparations, the activity of those systems concerned ml 
with degrading the side chain is definitely less than those having as their , def 
point of action the conjugated unsaturated system. The most active cor 


preparation degraded 37.4 per cent of the added desoxycorticosterone, the alt 
least active, 7.2 per cent, and the average preparation in fourteen experi- 
ments, 21.5 per cent. In general, this type of activity also differed in 
that it appeared to be more constant from one preparation to the next. wh 
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Effect of Various Factors—A number of preliminary observations have 
been made on the influence of various factors on the enzyme systems in- 
volved. Such studies would serve both to indicate more clearly the con- 
ditions necessary for maximal activity and to help differentiate between 
the presumably differing types of activity. 

It has not been possible to increase regularly the activity of simple liver 
slice systems by the addition of various factors. In carefully controlled 


TaBLe II 
Incubation of Desoxycorticosterone; Influence of Various Factors 
3 hours at 38°. Steroid to tissue ratio, 1:250. The values in parentheses indi- 
cate per cent reduction or degradation in companion vessels containing steroid and 


tissue only; gas phase, O2. Glucose added in 0.1 per cent concentration, coenzyme 
Tin 0.001 Mm, and other factors in 0.01 m concentration. 























Reduction of * 
Factor | Tissue a yn gS age cg Poko 
| ments |" average per cent Per cent 
Gas phase Ne | Liver slices 4 24.4 (34.0) 17.0 (21.8) 
Tissue boiled es #6 2 4.2 (31.4) 0 (20.4) 
Add glucose ee “8 2 32.0 (31.0) 20.0 (20.0) 
“coenzyme I as 3 31.0 (32.0) 19.5 (20.0) 
“ citrate as 3 30.0 (31.0) | 21.0 (20.0) 
‘* pyruvate e 2 30.5 (31.0) | 20.0 (20.0) 
Substitute desoxycorticos-|  “‘ we 1 48.4 (Not hydrolyzed 
terone glucoside | 
Substitute desoxycorticos- : “e 2 36.2 | 15.2 
terone succinate | 
Substitute mince for slices 6 13.7 23.3 
Add glucose Mince 3 11.4 (11.2) 18.0 (20.0) 
“coenzyme I s 2 19.4 (14.4) | 24.2 (21.2) 
“~ citrate “ 2 | 11.2 (14.4) | 20.0 (21.2) 
‘“* pyruvate eé 2 11.0 (14.4) | 21.0 (21.2) 
“coenzyme I plus glu- | re 2 20.0 (14.4) | 28.5 (21.2) 
cose | 
Add succinate | ‘i | 2 15.0 (16.0) 18.0 (19.2) 





experiments, the addition of glucose, citrate, pyruvate, or coenzyme I[ is 
without effect. The substitution of liver mince (Delepine press,’ with 1 
ml. of a 1:4 suspension of the ground tissue in buffer per vessel) for slices 
definitely and regularly reduces the activity of the enzymes affecting the 
conjugated unsaturated system, but appears to have little effect on those 
altering the side chain. Thus in six such experiments the degradation of 

3 Arthur H. Thomas Company, Philadelphia, Pennsylvania. When used with the 


perforated but without the grooved disk, this device gives a coarse suspension in 
which the cells are largely intact. 
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the a-ketol side chain averaged 23.3 per cent and the reduction of the con- 





“ei lac 
jugated unsaturated system, 13.7 per cent. The addition of glucose, aa 
citrate, succinate, or pyruvate to such mince preparations is without C 
effect, while the addition of coenzyme I in either the presence or absence one 
of glucose results in a slight and probably not significant stimulation. wea 

Slices briefly boiled in saline prior to incubation are totally inactive, ’ indi 
while substitution of nitrogen for oxygen in the gaseous phase results in the 
40 1:2 
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LIVER LIVER KIDNEY DIAPH. ADRENAL 
SLICES BREI SLICES SEGMS. HALVES 
Fic. 2. Comparative activities of various tissues. Reduction of conjugated un- 
saturated system of desoxycorticosterone (shaded columns) and degradation of ketol ma 


side chain (open columns). 3 hours incubation at a steroid to tissue ratio of 1:250. ? of 
The values in parentheses indicate the number of experiments in each case. uns 
only partial (usually less than 50 per cent) inhibition of the system. - 
as ; : aii thi 
These observations are summarized in Table II. “ 
While the method was designed to employ free compounds, it is pos- ee 


sible, within limits, to use esters and to follow the hydrolysis of such esters | 
upon incubation. For example, if desoxycorticosterone hemisuccinate is (6) 
used as the substrate in simple liver slice systems and the contents of ves- 
sels are analyzed at intervals during the incubation period, it can be shown i 
that this ester is rapidly hydrolyzed and that the ultimate fate of the free . 
compound is the usual one. If, however, desoxycorticosterone glucoside 


is employed in such systems, liberation of the free compound fails to take 
cor 
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place. Although initially inhibited, active reduction of the conjugated 
unsaturated system ultimately occurs (Table II, Fig. 1). 

Comparative Activity of Various Tissues—To date we have examined and 
compared the activities of rat liver slices, intact diaphragm, kidney slices, 
and divided adrenal glands. No factors were added other than those 
indicated. In order to make the data as truly comparative as possible 
the steroid to tissue ratio was kept nearly constant, 7.e. at approximately 
1:250. 

The data (Fig. 2) which give the averaged values for several such ex- 
periments, and which include values contrasting liver slices with mince, 
show that, in addition to liver, diaphragm and kidney are able to degrade 
the a-ketol side chain and reduce the conjugated unsaturated system. It 
is apparent also that, while the enzyme systems in liver possess the great- 
est capacity for reducing the conjugated unsaturated system, simple kid- 
ney slice preparations have as great or a greater ability to degrade the side 
chain. Since it seems possible that the low activity of diaphragm may 


, in part be due to a limited diffusion of the steroid into the tissue, it would 


ed un- 
f ketol 


1:250. { 


ystem. 


S pos- 
esters | 
vate is 
of ves- 
shown 
1e free 
coside 
o take 


be advantageous to examine the activity of ground or teased skeletal mus- 
cle preparations. 

Three experiments were carried out in which divided rat adrenal glands 
were incubated with desoxycorticosterone at a steroid to tissue ratio of 
approximately 1:250. The reduction of the conjugated unsaturated sys- 
tem was minimal, averaging 4.5 per cent. A reliable periodate analysis 
was obtained in but one of these experiments, the last. It showed that 
this system was unable to degrade the side chain as measured by that 
method. This result is a qualified one and is to be examined further. 


DISCUSSION 


The data presented confirm and extend the view that the liver is the 
major site of desoxycorticosterone metabolism. As judged by this method 
of investigation, the major alteration consists of loss of the conjugated 
unsaturated system. Evidence that this loss is due largely to reduction of 
both the C;-carbonyl group and the double bond has been obtained in 
this laboratory by incubating desoxycorticosterone on a large scale with 
surviving rat liver slices and isolating the metabolic products. Of those 
obtained in crystalline form, the chief product proved to be allopregnane-3 
(8) ,21-diol-20-one, which was recovered in approximately 24 per cent 
yield. Since the conjugated unsaturated system is requisite for phys- 
iological activity (25), such a metabolic reduction would of itself inactivate 
the compound. In addition, the data show that, while diaphragm and 

‘The authors wish to thank Dr. Konrad Dobriner of the Sloan-Kettering Insti- 


tute for Cancer Research, New York, for determining the infra-red spectrum of this 
compound. 
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kidney can effect some reduction of this system, the liver remains largely T 
responsible. Experiments now in progress have as their aim a study of cost 
the possible reversibility of this reduction and will include efforts to deter- the 
mine its course in compounds of varying structure. fact 

It can be reasonably assumed that the (presumably reductive) loss of § © 
the conjugated unsaturated system will prove to be of general occurrence  * 
in the metabolism of those hormones having this system. Thus, the in- 
cubation of testosterone with surviving liver mince (26) results ina rapid T 
diminution of the absorption band at 238 my. While the evidence in the ™@% 
case of progesterone is indirect (Pearlman (27)), it is evident that such a 
reduction occurs in the course of its conversion to pregnanediol. 


It is not possible, on the basis of these results alone, to define clearly } 1 
the nature of the enzymatic alteration of the side chain. While the en- 82 
hanced excretion of pregnanediol following the administration of desoxy- 2 


corticosterone (4-8) does not constitute direct evidence for reduction at _ ‘lie 
C-20 and C-21, reduction of the carbonyl group at C-20 may be expected Rat 
in view of the readiness with which steroidal carbonyl groups generally and 
are reduced in in vitro systems (28). To these possibilities there must be 3 
added that of cleavage of the side chain to yield a 19-carbon compound. of 1 

Since steroids having either the a-ketol or a-glycol type of side chain | phr 
react with periodic acid to yield formaldehyde, these data allow only the = P& 
conclusion that the ketol or ketol-glycol sum found at the end of incuba- 4 
tion in active systems is less than the ketol originally added. Additional tor 
information could be gained by supplementing the periodate analysis by 
determinations with the copper reagent of Nelson (29), as employed by } 
Talbot et al. (30), or by adapting the 2:3:5 triphenyltetrazolium chloride 1, 
reagent (31) for colorimetric use. Both reagents react only with the ac- 
tively reducing a-ketol group. However, we have had difficulty in ob- 
taining satisfactory duplication using the copper method, and, in spite 4, 
of considerable experimentation, have been unable to stabilize the color 


using the tetrazolium reagent. » 5. 
In discussing these experiments, it has been assumed that the enzyme : 
systems acting on the two structural systems of desoxycorticosterone are 3. 
different. The data, which are to be regarded as preliminary, neither 
confirm nor deny this point. The fact that substitution of liver mince 9. 
for slices influences only the reduction of the conjugated unsaturated sys- 10. 


tem suggests that a factor of tissue (structural) integrity is concerned in 
this case and that the two enzyme systems differ in this regard at least. 
It seems logical to conclude, as well, that the varied activities of various 
liver slice preparations are due not only to the varied capacities of differ- 
ent livers, per se, but to variations in slicing technique. More convinc- 4 
ing proof that the enzyme systems are different must await a demonstra- 
tion that stimulating or inhibiting agents exert a selective influence. 
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The inability of the rat liver slice system to hydrolyze desoxycorti- 
costerone glucoside stands in contrast to the ease with which it liberates 
the steroid from its hemisuccinate. Ready explanation is found in the 
fact that the latter derivative is an ester and the former an ether. It 
is concluded that enzymatic cleavage of the ether link proceeds slowly 
or not at all in simple systems. 


The authors wish to thank Mr. Paul J. Schneider, College of Engineer- 
ing, State University of Iowa, for preparing the figures. 


SUMMARY 


1. Methods have been devised for the recovery and determination of 
small amounts of desoxycorticosterone added to tissue. 

2. It has been shown that upon incubation with surviving rat liver 
slices extensive reduction of the conjugated unsaturated system occurs. 
Rat liver mince, kidney slices, and diaphragm segments are less active 
and adrenal tissue least active in this regard. 

3. As measured in terms of lowering of the periodate titer, degradation 
of the side chain is effected largely by liver and kidney tissue. Rat dia- 
phragm segments are relatively inactive, and in a single, qualified, ex- 
periment adrenal tissue was unable to so alter the side chain. 

4. Some initial experiments concerned with the effect of various fac- 
tors on the enzyme systems have been presented. 


BIBLIOGRAPHY 


1. Schneider, J. J., and Mason, H. L., J. Biol. Chem., 172, 771 (1948). 

2. Schneider, J. J., and Mason, H. L., J. Biol. Chem., 175, 231 (1948). 

3. Noble, R. L., in Pincus, G., and Thimann, K. V., The hormones, New York, 2, 
65 (1950). 

4. Hoffman, M. M., Kazmin, V. E., and Browne, J.S. L., J. Biol. Chem., 147, 259 
(19438). 

5. Westphal, V., Z. physiol. Chem., 278, 13 (1942). 

6. Cuyler, W. K., Ashley, C., and Hamblen, E. C., Endocrinology, 27, 177 (1940). 

7. Fish, W. R., Horwitt, B. N., and Dorfman, R. I., Science, 97, 227 (1943). 

8. Horwitt, B. N., Dorfman, R. I., Shipley, R. A., and Fish, W. R., J. Biol. Chem., 
155, 213 (1944). 

9. Eversole, W. J., and Gaunt, R., Endocrinology, 32, 51 (1948). 

10. Green, D. M., Endocrinology, 48, 325 (1948). 

11. van Heuverswyn, J., Collins, V. J., Williams, W. L., and Gardner, W. U., Proc. 
Soc. Exp. Biol. and Med., 41, 552 (1939). 

12. Leathem, J. H., and Crafts, R. C., Endocrinology, 27, 283 (1940). 

13. Kuizenga, M. H., Nelson, J. W., Lyster, S. C., and Ingle, D. J., J. Biol. Chem., 
160, 15 (1945). 

14. Zarrow, M. X., Hisaw, F. L., and Bryans, F., Endocrinology, 46, 403 (1950). 

15. Hooker, C. W., and Collins, V. J., Endocrinology, 26, 269 (1940). 

16. Greene, R. R., and Burrill, M. W., Proc. Soc. Exp. Biol. and Med., 48, 382 (1940). 


bo 








338 DESOXYCORTICOSTERONE 


17. 
18. 


19. 


20. 


21. 


rSs 


25. 


26. 
27. 


31. 


. Mason, H. L., and Engstrom, W. W., Physiol. Rev., 30, 321 (1950). 
29. 
30. 


Paschkis, K. E., Proc. Soc. Exp. Biol. and Med., 46, 336 (1941). 

Cuyler, W. K., Hirst, D. V., Powers, J. M., and Hamblen, E. C., J. Clin. Endp. 
crinol., 2, 373 (1942). DIST! 

Hechter, O., Jacobsen, R. P., Jeanloz, R., Levy, H., Marshall, C. W., Pincus, G,, 
and Schenker, V., J. Am. Chem. Soc., 71, 3261 (1949). 

Hayano, M., Dorfman, R. I., and Prins, D. A., Proc. Soc. Exp. Biol. and Med, 
72, 700 (1949). 

Seneca, H., Ellenbogen, E., Henderson, E., Collins, A., and Rockenbach, J, 
Science, 112, 524 (1950). 


! 


. Krebs, H. A., and Eggleston, L. V., Biochem. J., 34, 442 (1940). 
. Dubnoff, J. W., Arch. Biochem., 17, 327 (1948). 
. Daughaday, W. H., Jaffe, H., and Williams, R. H., J. Clin. Endocrinol., 8, 166 


(1948). Th 
Heard, R. D. H., in Pincus, G., and Thimann, K. V., The hormones, New York | ' 
1, 594 (1948). phasi 


Samuels, L. T., McCaulay, C., and Sellers, D. M., J. Biol. Chem., 168, 477 (1947). coppe 
Pearlman, W. H., in Pincus, G., and Thimann, K. V., The hormones, New York, of zin 
1, 455 (1948). Keili 


Nelson, N., J. Biol. Chem., 158, 375 (1944). have 
Talbot, N. B., Saltzman, A. H., Wixom, R. L., and Wolfe, J. K., J. Biol. Chem., \ centl 

160, 535 (1945). ment 
Weiner, S., Chem. Analyst, 37, 56 (1948). So 


pone 
It se 
in th 
tion 
T 

) cobe 


Ene 
Co 
, was 
tral 
the 
HC 
cen 
tat 
ani 


La 


XUM 


ndo. 
DISTRIBUTION OF Co®, Cu*, AND Zn® IN THE CYTOPLASM 


neus, G,, AND NUCLEI OF TISSUES 
nd Med,, By IRENE ROSENFELD* anp C. A. TOBIAS 

| WITH THE TECHNICAL ASSISTANCE OF C. TREGILLUS 
ach, J, 


(From the Department of Medical Physics, University of California, 
Berkeley, California) 


.» 8, 166 (Received for publication, November 11, 1950) 


ow York, The functions of trace elements in cellular metabolism have been em- 
phasized by various investigators. The stimulating effect of cobalt and 
7 (1947). copper on the hematopoietic system has been recognized, and the functions 
w York, of zinc in the enzyme systems have been greatly elucidated by the work of 
Keilin and Mann (1). Radioactive isotopes of cobalt, copper, and zinc 
have been used for tracer study by various investigators. Comar (2) re- 
. Chem., | cently reviewed the literature dealing with the radioisotopes of trace ele- 
ments. 

Some of the essential trace elements appear to exert their action as com- 
ponents of enzyme systems or by stimulating the action of certain enzymes. 
It seemed reasonable to begin a study of the distribution of trace elements 
in the cytoplasmic fraction of tissues and compare this with the distribu- 
tion of the same elements in the nuclear fraction. 

The data presented below refer to the metabolism of the trace elements 
cobalt, copper, and zinc in white laboratory mice. 


Methods and Materials 


Cu and Co® were obtained from the Isotope Branch of the Atomic 
Energy Commission.1 The Co* was received as Co;0,4 and converted to 
CoCl. in our laboratory. The Cu® was obtained as metallic Cu, which 
was dissolved in HNOs, treated with successive small portions of concen- 
trated HCl, and evaporated until the HNO; was completely replaced and 
the copper was converted to chloride. The CuCl, was dissolved in dilute 
HCl and made up to 10 ml. 0.2 ml. was diluted to 10 ml. with 0.85 per 
cent NaCl, which was used for injection. In another case, isotonic ace- 
tate buffer was used for dilution; both solutions were well tolerated by the 
animals in the dose used. 

Zn® Preparation—A copper ion cone of the Berkeley 60 inch cyclotron 


* Atomic Energy Fellow, 1948-49, on leave from the University of Wyoming, 
Laramie, Wyoming. 

1 The preparations of the solutions for intravenous injection were carried out by 
R. W. Dunn of the Donner Laboratory, to whom we wish to express our thanks. 
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bombarded by stray deuterons served as a source for Zn®. The surface 
was washed with 8 n HNO;. The solution was evaporated to expel the 
excess acid and converted to chloride by the addition of HCl. 1 mg. of 
Zn as ZnCl, carrier was added. The acid solution was diluted with H,0 
and treated with metallic aluminum until all of the copper was removed, 
The precipitate was removed by filtration, and the filtrate was treated with! 
ammonium tartrate and the pH adjusted to 3.0; H2S was bubbled through 
the filtrate and the precipitated ZnS was washed and dissolved in HCl. 
The procedure of precipitation and redissolving was repeated once more. 
The acid was evaporated and ZnCl, was taken up in saline solution. 

The amount of radioactive element injected varied with the isotopes 
used; therefore, each experiment will specify the activity and the total | 
amount of element injected. 

Experimental Animals—The radioactive elements were administered in- 
travenously in all experiments. 

Strain A mice were used and the tumor-bearing mice carried transplanted 
LCS mammary carcinoma, originally obtained by courtesy of L. C. Strong. 
The animals weighed 25 to 30 gm. and at the time of sacrifice the tumors 
were 15 days old. In each experiment the tissues of twenty animals were 
pooled. The tissues used for separation were tumor, liver, kidney, spleen, 
and lung. 

The method of separation of nuclei from the cytoplasm was carried out 
according to the method of Mirsky and Pollister (3). The fractions con- 
taining the cytoplasmic washings were collected and measured, and ali- 
quots of the cytoplasmic fraction were used for ashing and protein frac- 
tionation. The nuclei were dried and weighed, and the total dried nuclei 
used for ashing. 

The cytoplasmic proteins were separated in the following manner. (1) 
Globulin was precipitated with 0.5 saturated (NH4)2SO4. The precipitate 
was washed with distilled H,O, redissolved in 10 per cent acetic acid, and 
reprecipitated with (NH4)2SO, (half saturation). (2) Albumin was pre- 
cipitated by subsequent full saturation of (NH4)2SO,y. The precipitate 
was redissolved with distilled HO and reprecipitated with (NH4).SO, (full 
saturation). (3) Acid-soluble and protein-bound fractions were obtained 
by treatment with 10 per cent trichloroacetic acid. The precipitate was 
filtered and called the “protein-bound” fraction and the filtrate, the “‘acid- 
soluble” fraction of the cytoplasm. 

Assay for Radioactivity—The above fractions were used for ashing and 
distribution studies of the radioactive element. 

The tissues were wet ashed with concentrated HNO; and then with al- 
ternate additions of Superoxol and HNO;. The oxidation was complete 
when the ashed material was colorless after being slowly brought to dry- 
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ness over a free flame. The residue of the ashed material was dissolved 
with a few drops of HCl and transferred to volumetric flasks with distilled 
water. 

This method of ashing was used for the determinations of Co®, Cu®, 
and Zn®. 

The radioactivity of cobalt and zinc was determined by electrodeposi- 
tion of these elements on a copper disk. The apparatus was described by 
Dunn (4). The aliquots of the sample were placed in the electrodeposi- 
tion cell and the following solutions described below were added: 5 mg. of 
carrier cobalt (in 1 ml. solution of CoSO,); 4 ml. of 10 per cent hydrox- 
ylamine hydrochloride (freshly prepared); 20 ml. of 2 per cent (NH4)2SO, 
in concentrated NH,OH. The cobalt was electroplated at 400 ma. for 3 
hours. 

The method for zine plating was the following. To the aliquot of ashed 
material were added 5.0 ml. of 1 per cent KCN in 1 n NaOH solution and 
5.0 mg. of carrier Zn as ZnSO,. The total volume was made up to 10 ml. 
and the zine was plated for 1 hour at 200 ma. 

The aliquots of the ashed tissues for the copper determinations were 
transferred to plastic cups and evaporated at 60-80°. The samples were 
counted with an end-window Geiger-Miiller tube. 


Results 


Gross distribution of tagged cobalt in mice has been studied by Law- 
rence (5). The results presented here, when comparable, appear to be in 
agreement with their data. 

Cobalt—Table I shows the results of the accumulation of cobalt in the 
cytoplasm of various tissues of normal and tumor-bearing animals. The 
maximum uptake in the carcinoma was observed at the end of 6 hours, 
while at 3 and 12 hours the amount of cobalt in this tumor was approxi- 
mately the same. There was a gradual decrease with increase in time, and 
at the end of 72 hours only 0.81 per cent of the injected dose was present. 
There was a differential uptake of cobalt in the liver and kidney of normal 
and tumor-bearing animals. The liver of tumor animals showed the high- 
est concentration at the end of 3 hours, and the normal liver at the end of 
6 hours. In the kidney of normal animals during the experiment the co- 
balt uptake was 50 per cent higher than that of the tumor-bearing ani- 
mals. It is difficult at the present time to explain what factor or fac- 
tors are responsible for this evident difference. The report of Lawrence 
(5) showed a 50 per cent increase of cobalt in the liver of leucemic mice 
at the end of 24 hours when compared with the normal. 

The cytoplasm of spleen and lung of normal and tumor-bearing animals 
showed the same degree of uptake from 3 to 72 hours. 
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Table II presents the uptake of cobalt in the nuclei of the various tissues relat 
of normal and tumor-bearing animals. The tumor nuclei showed an in. 3 ho 
creased uptake of cobalt up to 24 hours, and then there was a gradual de- 






















































































‘ oe 06, 
crease with time. At the end of 72 hours only 0.02 per cent of the injected 
TABLE I } ; 
Concentration of Co® in Cytoplasm of Mouse Tissues* é ” 
Per cent of the administered dose recovered. | ¢ 
“ 
; 504 
Sacrificed after cians Liver Kidney Spleen Lung ls 
injection 7) 
Normalt Tumort | Normal} Tumor | Normal| Tumor | Normal) Tumor Pf 
hrs. 50.3 
3 4.2 8.5 15.0 | 1.4 | 0.571 0.17 | 0.17 | 0.41 | 0.43 [18 
6 6.7 11.4 7.4 1.2 | 0.69 | 0.29 | 0.32 | 0.56 | 0.47 t 
12 4.4 5.5 6.2 0.74 | 0.62 | 0.13 | 0.18 | 0.34 | 0.31 » 02 
24 3.3 4.4 4.3 0.49 | 0.34 | 0.07 | 0.19 | 0.23 | 0.26 © 
48 0.76 3.0 2.3 0.46 | 0.23 | 0.09 | 0.07 | 0.30 | 0.22 c 
72 0.8 1.0 1.6 | 0.53 | 0.24 | 0.07 | 0.07 | 0.23 | 0.12 r 0! 
* When the experiments were repeated, the data usually agreed within 5 per 
cent. 
C 
t Dose, 15.5 X 10‘ c.p.m. per mouse, containing 18.0 y of cobalt; activity 0.32 uc. | 
TABLE II 
Distribution of Co® in Nuclei of Mouse Tissues* 
Per cent of the administered dose recovered. 
. Liver Kidney Spleen Lung ) 
—. anor 
Normal Tumor | Normal} Tumor | Normal| Tumor | Normal} Tumor pale 
hrs. 
3 0.06 0.09 0.08 0.01 | 0.003) 0.006 0.003) 0.008) 0.001 Eee 
12 0.07 0.06 0.04 0.04 | 0.01 | 0.006) 0.009) 0.004! 0.001 Lin 
24 0.08 0.05 0.02 0.02 | 0.006} 0.002) 0.004! 0.004) 0.008 Ki 
48 0.033 0.02 0.009 | 0.01 | 0.003} 0.001) 0.003) 0.003) 0.002 } Sp 
72 0.02 0.02 0.01 0.01 | 0.004) 0.002) 0.008 0.002) 0.002 Le 
* Dose, 15.5 X 104 c.p.m. per mouse. F 
x 


dose was present. The liver and kidney nuclei of normal animals showed 
a slightly increased uptake over that of the tumor animals. The nuclei of 
the other tissues showed some variation, but the uptake generally was 
comparable in the two groups. 3 

Fig. 1 shows the ratio of cobalt in nuclei versus cytoplasm when plotted ™ 
against time. The Co® curves for the liver nuclei of tumor and normal | 
animals run parallel to each other. Relative radioactivity of nuclei ex- t 
hibit a tendency to increase with time for both liver and tumor. The t 
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relative concentration of Co® in the tumor nuclei was higher at the end of 
3 hours than that in the liver nuclei and continued to rise during the ex- 











° 
wn 


TUMOR NUCLEI! 


o 
> 





°o 
iN 





\ 





4 LIVER|NUCLEI! OF NQRMAL ee eel 
ae 


| __—§# —, 
LIVER NYCLEI OF T R BEARING MICE 
0,1 
































0 $2 24 36 48 60 
TIME IN HOURS 
Fig. 1. Ratio of Co® in nuclei and cytoplasm 


TaB.e III 
Distribution of Co® in Cytoplasmic Fractions of Mouse Tissue* 
Per cent of the administered dose recovered. 








Tissue Acid-soluble | Protein-bound pr SS 
112A ee en RG Oe 6.53 1.58 0.63 
DN 5a otyah ayes de war 1.56 0.49 0.09 0.33 
Ree Se stray Sars dr sca helenae 0.19 0.05 0.01 0.04 
lS 0.39 0.39 0.08 0.1 

















* Tissues of normal animals sacrificed 3 hours after injection of Co®. Dose, 3.31 
X 105 c.p.m. per mouse, containing 0.4 y of Co; activity 1.1 uc. 

¢ Albumin and globulin refer to the fractions obtained with full and half satura- 
tion of (NH,)2SOx. 


perimental period of 72 hours. Marshak (6) reported a similar increase 
in the uptake of P® in lymphoma nuclei when compared with liver nuclei. 

The distribution of Co® in the various fractions of the cytoplasm of the 
tissues at the end of 3 hours is given in Table III. The acid-soluble frac- 
tion of the cytoplasm of various tissues contained the highest percentage 


72 
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of the cobalt, and only a small percentage of the injected dose was present lung cy 
in the protein fraction. Cobalt in all tissues with the exception of lung copper 
was found in combination with the globulin. However, in the lung it was copper 
almost evenly divided between the albumin and globulin fractions. The | 

The above experiments were repeated for the most part with radioactive, Tumor 
cobalt of different specific activity. There was no appreciable difference, uptake 


between results with 24.5 and 2.4 me. per mg. lated C 
Carrier-free cobalt also gave substantially the same results in one 4 hour the cok 
experiment. measul 


Copper—Table IV gives the distribution of the radioactive copper in the| of tum 
cytoplasm of various tissues. The tumor tissue, 3 hours after injection, | one tir 
accumulated 11.5 per cent of the injected dose. Later there was a rapid animal 






































tumor 
TABLE IV 
Distribution of Cu** in Cytoplasm of Tissues of Normal and Tumor Mice 
Per cent of the injected dose recovered. Dis 
: : Per ¢ 
Sucrced after a Liver Kidney Spleen Lung ;. oe 
Normal* Tumort |Normal| Tumor | Normal! Tumor Normal | Tumor er 
hrs. | _ 
3 11.5 29.4 36.1 1.3 | 1.07 | 0.15 | 0.73 | 0.10 | 0.30 hi 
12 8.1 | 30.2 | 42.4 | 1.4 | 0.92 | Lost | 0.79 | 0.15 | 0.21 
24 5.4 13.0 | 35.6 0.86 | 0.64 | 0.24 | 0.56 | 0.12 | 0.26 J 
* Dose, 44.5 X 10° c.p.m. per mouse, containing 64 y of Cu; activity approximately | 
3 wc. at the time of injection. sd 8 
Tt Dose, 10.6 X 104 c.p.m. per mouse, containing 64 y of Cu; activity approximately 
5 wc. at the time of injection. 20, w 
loss of the Cu®, and at the end of 24 hours only 5.4 per cent of the injected | if es 
dose was present. The radioactive copper accumulated in higher concen- waite 
tration in the tumor tissue than did the radioactive cobalt, in which case, until 
at the end of 6 hours, only 6.7 per cent of the injected dose was present in ? ead 
the tumor. A 
A differential uptake of the copper in the cytoplasm of all the tissues of wane 
tumor-bearing animals is evident from the data presented. The cytoplasm en « 
of the liver and spleen of tumor-bearing animals contained a higher con- segm 
centration of the injected dose than did the same organs in normal mice, oo 
while the normal kidney accumulated more copper than the kidney of Fis 
tumor-bearing animals. Greenstein and Thompson (7) observed a distinct ‘ein 


rise in the copper content of livers and decrease in kidneys of tumor- bear- | 
ing animals. In a foot-note to their report they stated that a decrease of | *N 
copper in the spleen was obtained on a semiquantitative basis. The data, °t# 
presented here, however, indicate an increase of copper in the spleen and aay 
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lung cytoplasm of tumor-bearing animals.? The changed distribution of 
copper is probably related to some change in the physiological function of 
copper in the tissues in tumor-bearing animals. 

The distribution of copper in various tissue nuclei are given in Table V. 
Tumor nuclei show the highest uptake at 3 hours; at 12 and 24 hours the 
uptake remains constant. Liver nuclei of tumor-bearing animals accumu- 
lated Cu™ in higher concentration than did normal animals, a reversal of 
the cobalt uptake by these nuclei. Kidney nuclei of normal animals have 
measurable amounts of Cu® in all time intervals, but in the kidney nuclei 
of tumor-bearing mice a measurable amount of Cu™ was present only at 
one time interval. The Cu® in the nuclei of lung and spleen of normal 
animals was not consistent and rate of loss was slow compared to that in 
tumor or liver. If the counts per minute in the total nuclei were less than 


TABLE V 
Distribution of Cu®4 in Nuclei of Various Tissues of Normal and Tumor Mice 
Per cent of the injected dose recovered. 


























aie aie ‘ Liver Kidney Spleen Lung 
injection ve 
Normal Tumor | Normal] Tumor | Normal| Tumor | Normal} Tumor 
hrs. 
3 0.68 0.1 0.76 0.009} * * | 0.03 * | 0.003 
12 0.11 0.08 0.26 0.013; 0.004) 0.07 | 0.008) 0.008) 0.004 
24 0.11 0.04 0.10 0.002} * | 0.003) 0.02 * | 0.002 




















* If the total counts were less than 20 c.p.m., they were not included in the data. 


20, we have assumed that there was no measurable amount of uptake of 
the isotope by the nuclei. The possible lack of Cu®™ in the nuclei may be 
due to the small amount of uptake, the short half life, and the low specific 
activity of the isotope used. The clarification of this point must wait 
until a longer half life isotope of copper with a higher specific activity is 
available for biological study. 

A few data were collected regarding the distribution of Cu® in the vari- 
ous other organs and are presented in Table VI. The cecum had the high- 
est uptake at 12 and 24 hours, while the liver, kidney, and the different 
segments of the gastrointestinal tract showed high uptake. All other tis- 
sues contained small amounts of Cu®. 

Zinc—The distribution of Zn® in the cytoplasm and nuclei of various 
tissues of tumor-bearing animals is given in Table VII. 

2Mr. Welch of the Donner Laboratory of the University of California recently 


obtained some data with emission spectroscopy that confirmed the accumulation of 
copper in the spleen of tumor-bearing mice. 
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Tas.e VI ous tis 
Distribution of Cu*4 in Tissues of Normal Mice* and 0.¢ 
Per cent of the injected dose recovered per gm. of wet weight of tissue. The tained 
results are averages from six animals. pee 
Tissue 3 hrs. 12 hrs, 24 hrs. and 24 
The 
NRIs IR ica ene ek I ih ks hs ae 2.39 2.09 1.09 Table 
EMER A hy cs Ay Tg lh iol and, Mayes 0.423 0.43 0.23 
SS rer ee 0.10 0.05 ‘| (ess th 
ee 0.11 0.07 tissues 
1) LATE Bin aR tok ik eer ea SR ear 0.53 0.42 0.32 amoun 
RMHMOINUOSUINOG.. 2. soe ee dete as 0.38 0.50 0.28 
Ch) CLC Sy Sa 2.18 2.66 3.40 
ET Se eee Se ae cen 0.39 0.33 0.28 
CULACLTESYT So oO 0.13 0.36 0.04 Per 
Sao TCT Ce 0.23 0.007 
ERE Ra tes or Has noe tay) es te hos ol 0.16 0.10 0.11 
LOU Ly 0 One a 0.19 0.08 0.05 
* Dose, 44.5 X 10*c.p.m. per mouse, containing 64 7 of Cu; activity approximately 
3 uc. at the time of injection. Tumor 
Tas.e VII Heo 
Concentration of Zn® in Cytoplasm and Nuclei of Tissues of Tumor-Bearing Mice Spleen 
Per cent of the injected dose recovered. Lung. 
Sacrificed *T, 
Tissue Tissue fractions pond ~_ 
3 hrs.* 24 hrs.t P 
Tumor Cytoplasm 6.4 13.0 
Nuclei T 0.005 Alt 
Liver Cytoplasm 35.72 38.5 Asi | 
Nuclei 0.006 0.007 _— 
Kidney Cytoplasm 1.76 2.37 conce 
Nuclei 2 + was a 
Spleen Cytoplasm 1.18 3.67 ' the c¢ 
Nuclei f t | 
ment: 
Lung Cytoplasm 0.43 0.92 | differ 
Nuclei i t | wn 
ae ee ee nega _____. ~| whetl 
* Dose, 3.82 X 104 c.p.m. per mouse, containing 3.0 y of zinc; activity approxi- will-k 
mately 7 ye. \ meta’ 
t Dose, 4.5 X 105 c.p.m. per mouse, containing approximately 10 y of Zn; activity ~~ 
approximately 85 yc. 
t Less than 20 c.p.m. in the total sample. of th 
Heat 
The highest concentration Zn® was in the cytoplasm of liver and tumor. | nucle 


The uptake in the cytoplasm of the liver was higher with zinc than with | the gs 


cobalt or copper, but little or no zinc was present in the nuclei of the vari- part, 
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ous tissues studied. The liver nuclei contained at 3 and 24 hours 0.006 
and 0.007 per cent of the injected dose. The tumor nuclei at 3 hours con- 
tained no zine and at the end of 24 hours only 0.005 per cent of the injected 
dose was found in the nuclei. The nuclei of other tissues at the end of 3 
and 24 hours contained no zinc. 

The distribution of Zn® in the various cytoplasmic fractions is given in 
Table VIII. Most of the zinc was present in the acid-soluble fraction and 
less than 1 per cent of the injected dose was bound with protein in the 
tissues studied. In fractionating the protein we found that only a small 
amount of the zinc combined with the albumin and globulin. 


Tass VIII 
Distribution of Zn®5 in Cytoplasmic Fractions of Mouse Tissue* 
Per cent of the injected dose recovered. 











Fractions 
Tissue Albumin and globulin 
Acid-soluble Protein-bound 
RUINOE cleo sO ses 11.25 0.20 0.03 
Diver kien eek es 22.4 0.29 0.03 
10 SG ga 2.09 0.03 0.01 
PNGGIN sata Aeceenceter: 1.84 0.03 0.02 
BENGE, trainee esas 0.43 0.01 0.01 














* Tumor mice sacrificed 24 hours after injection of Zn®. Dose, 4.5 X 104 c.p.m. 
per mouse, containing 3.7 y of zinc. 


DISCUSSION 


Although the presence of some metallic elements was previously demon- 
strated in all nuclei, up to now very little information has been available 
concerning the uptake of cobalt, copper, and zinc by cell nuclei. There 
was a great deal of variation in uptake of these elements by the nucleus of 
the cell. There was no correlation between the accumulation of trace ele- 
ments in the cytoplasm and nuclei. Whether this selective uptake of the 
different elements by the nuclei is related to a specific nuclear function or 
whether it exists in a simple chemical combination with the nucleoprotein 
will-be clarified only by future investigations into their réle in the nuclear 
metabolism. The present experiments demonstrated not only that copper 
and cobalt may be found in nuclei but also that there is a vigorous exchange 
of these elements. The nuclear uptake in the case of zine was very small. 
Heath (8) by the use of Zn® obtained scarcely measurable activity in tumor 
nuclei. He suggested that the prolonged treatment with citric acid during 


| the separation of the nuclei from the cytoplasm may leach out the greater 


part of any zine contained in the nuclei. He has been unsuccessful in pro- 
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ducing clean nuclei without the use of acid. However, by repeated wash- 
ing with 0.14 m sodium chloride he was able to remove most of the cyto- 
plasm and obtain an enriched nuclear material. This material had the 








activity of one-half of the whole liver tissue, which suggests that the nuclei | 


may have a large amount of zinc but lose a large proportion when treated 
with citric acid. 

Significant changes were observed in the rate of uptake of copper and 
cobalt in the animals with mammary carcinoma compared to normal ani- 


mals. Some effects were observed on both the cytoplasmic and nuclear | 
fractions, which may be explained in part by the general change of metabo- | 


lism in organs of an animal with a growing tumor. For an explanation of 
the results with cobalt one might assume that the over-all metabolism of 
the liver is increased, since there is evidence that in vitro cobalt or other 
bivalent ions are required for the activity of several enzymes (9). If this 
was the case, one might expect a faster uptake. If in addition one as- 
sumes that the tumor cells and nuclei need cobalt in the period of their 
growth, one might qualitatively understand the reason for lower kidney 
concentration (less cobalt excretion), high tumor uptake, and high ratio 
of tumor nucleus to cytoplasm. In the case of copper the picture is not 
complete; one function of the liver seems to be storage, which is indicated 
by the increased deposition of copper in this organ. Increase of copper 
storage in liver in human carcinoma has been reported by Sandberg ei al. 
(10). There must be other functions also, as evidenced by the high cop- 
per concentration in the spleen, rapid turnover in the tumor, and increase 
in the copper concentration of the liver and tumor nuclei. 

In fractionating the cytoplasmic proteins, most of the cobalt and zinc 
was found in the acid-soluble fraction (protein-free filtrate) and only a 
small per cent of the injected dose was bound with the protein. Since 
trace elements combine with the prosthetic group of the protein and these 
combinations are very unstable, it is possible that the treatment with 10 
per cent trichloroacetic acid dissociated these combinations and liberated 
the cobalt and zinc from the protein; the measurement in vitro after treat- 
ment with acid may not be an indication of the conditions existing zn vivo. 
However, 1 per cent or less of cobalt and zinc combined firmly with the 
protein and was not broken by treatment with acid. 

The separation of the cytoplasmic proteins into albumin and globulin 
indicates that a larger per cent of the cobalt was present in the globulin 
than in the albumin fraction. 


SUMMARY 


1. The uptake of Co, Cu, and Zn® in liver, spleen, kidney, and tumor 
of normal and tumor-bearing animals was studied as a function of time. 
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2. Some cobalt and copper were found in the nuclear fraction of tis- 
sues, particularly liver and tumor tissue. Zine was also found there, 
but in rather small concentration. In each case cytoplasmic concentra- 
tions of the trace elements were higher than nuclear concentrations. 

3. The presence of tumor altered the Co and Cu metabolism of the ani- 
mals. In the case of Co there was a higher uptake in the liver, a high 
uptake by tumor cytoplasm and nuclei, and a low concentration in kidney. 
There was an increased concentration of Cu in the liver and spleen and 
also a rapid uptake by the tumor. 

4. Separation of the cytoplasmic proteins containing the isotopes Co 
and Zn® indieates that 1 per cent or less of the injected dose of those iso- 
topes was bound firmly with the proteins. Most of the cobalt and zinc 
was present in the acid-soluble fraction. 
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HYDROLYSIS OF URINARY CONJUGATED 17-KETOSTEROIDS 
BY ACETATE BUFFER* 


By JOEL BITMAN{ anno SAUL L. COHEN 


(From the Max H. Hoffman Endocrinological Research Laboratory and the Department 
of Physiological Chemistry, University of Minnesota Medical School, 
Minneapolis, Minnesota) 


(Received for publication, January 19, 1951) 


It has long been recognized that the usual methods for cleavage of ster- 
oidal conjugates by strong acids may effect various transformations (1). 
In an earlier publication (1) one particular alteration, the conversion of 
a 38-hydroxy-17-ketosteroid to a non-digitonin-precipitable (“a’’)-17-keto- 
steroid! by standard HCl hydrolysis was studied. This conversion could 
be avoided by use of the hydrolytic procedure devised for sodium dehydro- 
isoandrosterone sulfate in water or urine by Talbot et al. (2) with barium 
chloride in acetate buffer, pH 5.8. The present paper reports a series of 
experiments designed to determine (a) the essential factors involved in 
this hydrolytic procedure and (b) the nature of the conjugated 17-keto- 
steroids of normal male urine which are hydrolyzed by this treatment. 


Methods 


Colorimetric Determination of 17-Ketosteroids—The 17-ketosteroid con- 
tent of the urine extracts was measured by the Zimmermann reaction 
essentially as modified by Holtorff and Koch (8). 

Preparation of Urine? Extracts for Color Assay—After hydrolysis, the 
free 17-ketosteroids were extracted from the urine by the procedure of 
Talbot and Eitingon (4), CCl, being used as the extracting agent instead 
of ethyl acetate. The ketonic fraction was removed by the Pincus and 
Pearlman modification (5) of the Girard method and then separated into 
“a” and 6 fractions by the digitonin precipitation method of Frame (6). 

Hydrolysis of Conjugated 17-Ketosteroids. With Hydrochloric Acid—The 


* Aided by grants from the Graduate School of the University of Minnesota and 
the United States Public Health Service. 

+ Present address, Bureau of Dairy Industry, United States Department of Agri- 
culture, Beltsville, Maryland. The data presented in this paper are taken in large 
part from a thesis presented in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy at the University of Minnesota by Joel Bitman. 

1 This term is used to designate non-digitonin-precipitable compounds; namely, 
those with a C; hydroxyl trans to the Cio methyl, or compounds without a C; hy- 
droxyl group. 

2 All the urine specimens used in this study were taken from batches of pooled 
male urine. 
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procedure of Talbot e¢ al. (7) was followed in which concentrated HCl is 
added to the urine in the proportion of 15 per cent by volume, and the 
mixture boiled under a reflux for 10 minutes. Since no method of hydrol- 
ysis has yet been reported which yields a greater assayable amount. of 
ketosteroids than such an acid hydrolysis, the ketosteroids released by 
acid are referred to in this paper as the “total” urinary ketosteroids. 

With Barium Chloride—The technique of Talbot et al. (2, 4) was fol- 
lowed in which the residue from an alkali-washed butyl] alcohol extract of 
neutral urine is heated in acetate buffer (pH 5.8) containing barium chlo- 
ride to liberate the 17-ketosteroids. 


EXPERIMENTAL 


Acetate Buffer Hydrolytic Procedure—No supporting evidence for the ef- 
fectiveness of the various procedures employed in the Talbot hydrolytic 
technique is given (2). Therefore it was felt that such studies should be 
carried out and only the most efficient procedures used to determine the 
nature of the conjugates hydrolyzed. 

Effect of pH on Extraction by Butanol of Conjugated 17-Ketosteroids from 
Urine—Butanol concentrates of the conjugated 17-ketosteroids have been 
prepared by other workers at both neutral pH (2, 4, 8) and at pH 1.0 (9). 
The effect of pH on the distribution of the conjugated 17-ketosteroids be- 
tween urine and butanol was therefore first investigated. 

Samples of 800 cc. of urine (Batch C) were adjusted to pH 1, 3, 5, 7, 9, 
and 11, respectively, each was extracted four times with § volume of bu- 
tanol, and the butanol residues were assayed for ketosteroid content after 
HCl and after the buffer-BaCl, hydrolytic procedures. The buffer-BaCl, 
ketosteroid fractions obtained for the pH 3, 7, and 11 BuOH residues were 
further fractionated with digitonin. The results are shown in Table I 
(800 cc. of urine, Batch C, assayed for 8.1 mg. of “total” 17-ketosteroids). 

It is readily seen that, while a practically complete removal of the con- 
jugated 17-ketosteroids from urine by butanol is effected at pH 1 or 3, 
considerable amounts of these ketosteroids are left in the urine extracted 
at pH above 3. In view of these observations, it was not surprising to 
find that washing the butanol extracts with aqueous alkali resulted in 
additional losses of conjugated 17-ketosteroids. It is further seen from 
the data shown in Table I that the buffer-BaCl,-hydrolyzable conjugates 
were removed from urine by butanol at any pH. However, it was felt 
that an increased measure of safety in the preparation of the butanol ex- 
tracts would be attained by effecting the extractions and washings at pH 
less than 3.0 (Diagram 1). The extracts thus obtained were sufficiently 
free of urea to eliminate the hazard of NH; formation on pH during the 
subsequent hydrolysis (2). 
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TaB_Le I 


Effect of pH on Extraction of Ketosteroid Conjugates from Urine by Butanol 





17-Ketosteroids in BuOH extract 


























pte Hydrolyzed by buffer-BaCle 
Hydrolyzed by HCl 
Unfractionated “a”? B 
mg. mg. mg. mg. 
1 7.8 
3 7.6 1.5 0.6 0.9 
5 6.3 
7 5.4 Eee 0.6 ¥.3 
9 5.1 
11 4.3 ke 0.7 0.9 
Diagram 1 


Buffer Hydrolysis of Conjugated Urinary 17-Ketosteroids 


Urine (400-1000 cc.) 


To pH 1.0 with concentrated HCl; extract 
4 times with } volume n-BuOH 





BuOH 


Urine (discard) 


Wash 6 times with 1/16 
volume 0.1 n HCl 





0.1 n HCl Bu0H 


(discard) 


BuOH 





+ NaOH to pH7; 
distil to dryness in vacuo 
at bath temperature not exceeding 50° 


residue 


Dissolve in 100 cc. 0.1 N 
acetate buffer, pH 4.7 


Heat 4 hrs. in boiling water bath; 
extract with CCl, etc. 


Buffer-hydrolyzable 17-ketosteroids 
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Réle of Barium Chloride in Buffer Hydrolysis of Conjugated 17-Keto- 
steroids—Barium chloride in a concentration of 15 gm. per cent in the ace- 
tate buffer medium (pH 5.8) was recommended (2) on the theory that it 
would facilitate hydrolysis by removing sulfate ions from solution through 
the formation of insoluble barium sulfate. Since no experimental data 
were supplied in support of this hypothesis, the value of the BaCl, in the 
hydrolytic procedure was therefore investigated. The residues obtained 
from the butanol extracts of normal male urine (each aliquot was equiva- 
lent to 400 cc. of urine) were prepared according to the procedure out- 
lined above, dissolved in 100 cc. of 0.1 Nn HAc-NaAc buffer (pH 5.8) and, 
after the addition of 15 gm. per cent of BaCl, to some of the samples, 











TaBLeE II 
Effect of BaCl, on Acetate Buffer Hydrolysis of Conjugated 17-Ketosteroids 
17-Ketosteroids liberated 
Urine batch BaCls present Before frac- ne " 
tionation 
mg. mg. mg. 
[Rete arene + 1.8 
73 AOS eR tee ee — 1.7 
ee ee eh oes + 1.3 0.5 0.8 
1 eee ona — 4.3 0.7 0.6 
a ree + ba 0.3 0.8 
BE Fo neyin tnt» 1.0 0.3 0.7 
Dorset sistava. sis cusrs. cite + ae 0.2 1.4 
~Le Se x aR Te Se Ee ~ 1.9 0.3 1.4 

















heated in a boiling water bath for 4 hours. The liberated 17-ketosteroids 
were then determined. The results are shown in Table II. 

It is readily seen that the same degree of hydrolysis occurred in all cases 
in the samples without BaCl, as in those with BaCle, and that similar 
amounts of 8-17-ketosteroids were liberated in each case. 

Effect of pH on Hydrolysis of Conjugated 17-Ketosteroids—Aliquots of the 
residues obtained from the BuOH extracts of two batches of urine were 
dissolved in 0.1 N acetate buffer at different acid pH values (pH below 3 
was attained by the addition of HCl to the acetate buffer). After heating 
in a boiling water bath for 4 hours, the liberated 17-ketosteroids were de- 
termined. The results are graphically shown in Fig. 1. 

It is seen that the pH at which the butanol extracts are heated has little 
effect on the amount of 17-ketosteroids liberated until a pH of 3 or less 
has been achieved. ‘The amount of conjugated 17-ketosteroids liberated 
in the pH range of 4 to 6 under these conditions is approximately constant 
and is about 25 per cent of the total present in the urine. 0.1 N acetate 
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buffer, pH 4.7, was adopted as the hydrolytic medium in subsequent pro- 
cedures, since the buffer pair of acetic acid-sodium acetate has the greatest 
buffering capacity at this pH and affords a better buffering medium than 
does a buffer of pH 5.8 for any NH; released during the hydrolysis. 


i) 
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Milligrams | 7-Ketosteroids 
liberated per 400 milliliters 
in 














Fic. 1. Effect of pH on the hydrolysis of conjugated 17-ketosteroids in urine 
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Fic. 2. Effect of heating time on buffer hydrolysis of conjugated 17-ketosteroids 
in urine. 


Effect of Time of Heating in Acetate Buffer on Hydrolysis of Conjugated 
17-Ketosteroids—The residues of butanol extracts of normal male urine 
(Batch G) were dissolved in 0.1 N acetate buffer (pH 5.8) and heated on 
a boiling water bath for periods of 1, 2, 4, 8, and 24 hours respectively. 
The amounts of 17-ketosteroids liberated under these conditions are graph- 
ically shown in Fig. 2. The hydrolysis was essentially complete (85 per 
cent) at 4 hours. The fraction of ketosteroids not liberated by buffer was 
recoverable in all cases by subsequent hydrolysis with HCl, indicating the 
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non-destructiveness of prolonged heating in buffer on the liberated keto- 
steroids (see also the hydrolysis of dehydroisoandrosterone sulfate, Table 
IV). 

Routine Buffer Hydrolytic Procedure—On the basis of the findings re- 
ported above, a procedure was developed for the hydrolysis of the conju- 


gated 17-ketosteroids of normal male urine by means of acetate buffer. It 


is shown schematically in Diagram 1. 

Nature of Conjugated 17-Ketosteroids Hydrolyzed by Acetate Buffer Tech- 
nique. Total Amounts of 17-Ketosteroids Released by Buffer Hydrolysis— 
During the course of the investigations reported in this paper, samples 
from eighteen batches of pooled male urine have been hydrolyzed with 


HCl, and seventeen by the buffer technique. The ketosteroid fractions 


of eleven of these batches were further fractionated with digitonin. (Most 
of the experiments were carried out at least in duplicate.) 

The buffer hydrolysis released about one-fourth (15.2 to 34.5 per cent, 
average 23.1 per cent) of the “total’’ 17-ketosteroids in urine. Approxi- 


mately 60 per cent of the compounds released were of the 6 configuration | 


(or 14 per cent (12.3 to 22.6 per cent) of the “total” 17-ketosteroids in the 
urine). Following HCl treatment, an average of only 4.6 per cent (1.2 to 
8.9 per cent) could be determined as 8 compounds. This latter figure is 
in close agreement with that reported by other authors (1). 

Relationship of Buffer and Glucuronidase-Hydrolyzed Ketosteroid Conju- 
gates—Glucuronidase preparations of both animal (2, 10, 11) and bacte- 
rial (12, 13) origin have been employed for the hydrolysis of steroid glu- 
curonides in urine. A method in which a calf spleen glucuronidase 
concentrate is employed for such hydrolyses has been developed in our 
laboratory* and was applied to butanol concentrates of normal male urine 
specimens. Approximately 40 per cent of the “total” 17-ketosteroid con- 
tent of normal male urine was liberated by this enzymatic hydrolysis, 
the 6 fraction being equivalent to 2.8 per cent of the ‘‘total’’ 17-keto- 
steroids. This small amount of the 8 compounds in the 17-ketosteroids 
liberated by glucuronidase suggested that the group of conjugated ster- 
oids hydrolyzed by buffer was not being attacked by the glucuronidase 
treatment. This was experimentally tested by carrying out buffer and 
enzyme hydrolyses in sequence on butanol residue concentrates of the 
same urine sample (urine Batch B2) (Table III). Confirmatory data 
were obtained from experiments with two other batches of urine (A2 and 
C2). 

The results of this experiment supported the thesis that different groups 
of conjugates were being attacked by the buffer and enzyme treatments. 
The amount of 17-ketosteroids liberated by buffer was not affected by 


3 Cohen, S. L., J. Biol. Chem., in press. 
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previous enzyme hydrolysis (Experiment 3), thereby demonstrating that 
the glucuronidase treatment did not attack the conjugates hydrolyzed by 
the buffer treatment. Conversely, the buffer treatment did not hydrolyze 
ketosteroid glucuronides, since previous buffer treatment (Experiment 4) 
did not reduce the amount of 17-ketosteroids which could be obtained by 
glucuronidase hydrolysis. 

Hydrolysis of Pure Steroid Sulfates by Buffer Technique—The hypothesis 
that 17-ketosteroid sulfates may be hydrolyzed by the buffer treatment 
was tested by subjecting a number of pure steroid sulfates to the condi- 
tions of the buffer hydrolysis. The results of the buffer hydrolysis on the 
steroid sulfates* studied are shown in Table IV. A few mg. (1.0 to 5.5 














Tas.e III 
17-Ketosteroids Released by Buffer and Enzymatic Hydrolytic Procedures Applied in 
Sequence 
17-Ketosteroids released 
Experiment No. Hydrolytic procedure 
Total “al B 
mg. mg. mg. 
1 HCl 5.5 4.8 0.2 
2 Buffer 1.4 0.4 0.9 
HCl 3.9 
3 Enzyme 2.4 2.3 0.1 
Buffer 1.3 0.4 0.8 
HCl 2.0 
4 Buffer 1.5 0.4 0.9 
Enzyme 3.0 2.8 0.1 
HCl 1.5 

















mg.) of the steroid sulfate were dissolved in 100 cc. of 0.1 N acetate buffer, 
pH 4.7, heated on a boiling water bath for varying periods of time, and 
the liberated steroids extracted with CCl, or ether. The free steroids in 
the extracts were assayed in the following manner: androsterone, isoan- 


4The sodium dehydroisoandrosterone sulfate, sodium androsterone sulfate, and 
sodium testosterone sulfate were obtained through the courtesy of Dr. C. R. Scholz, 
Ciba Pharmaceutical Products, Inc. Sodium estrone sulfate was kindly supplied by 
Dr. S. Cook of Ayerst, McKenna and Harrison, Ltd. Sodium estradiol sulfate was 
obtained through the courtesy of Dr. G. W. Holden of Charles E. Frosst and Com- 
pany. Sodium epicholestanol sulfate was obtained through the courtesy of Dr. S. 
Lieberman of the Sloan-Kettering Institute for Cancer Research, who also supplied 
a small batch of sodium cholesterol sulfate. A second batch of sodium cholesterol 
sulfate was prepared by A. Zuckerbraun of the Department of Chemistry of the 
University of Minnesota. Sodium isoandrosterone sulfate was also prepared by Mr. 
Zuckerbraun from isoandrosterone acetate kindly supplied by Dr. C. R. Scholz of 
the Ciba Pharmaceutical Products, Inc. 
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drosterone, testosterone, and dehydroisoandrosterone were assayed by the 


routine Zimmermann reaction with the corresponding steroid as the stand- 
ard; estradiol and estrone were determined by the method of Stevenson an hy 
and Marrian (16); cholesterol was assayed by the modified Liebermann- tife C 
Burchard reaction of Schoenheimer and Sperry (17); epicholestanol was rene, 


determined gravimetrically. 

It is seen that those compounds containing both a 6 configuration of 
the sulfate and a 6-y unsaturation to this grouping (sodium dehydroiso- Se 
androsterone sulfate and sodium cholesterol sulfate) are hydrolyzed by the | 
buffer hydrolysis. 














Tasie IV ) 
Effect of Buffer Hydrolytic Technique on Steroid Sulfates 
Per cent hydrolysis by 
. Configuration of | Presence buffer after 
Sodium sulfate of ~OH (_OSOsH) pec a 
2 hrs. 4 hrs. | 8 hrs, 

Androsterone................. a = 7 4 
Epicholestanol............... ae - 2 3 
Isoandrosterone.............. B _ 5 a 
"PESLGSUCTONO™.... «5 o..c ene ec — 2 2 
UES 5 nr . - 1 2 
LOG 10 oe Phenolic _ 0 0 
Dehydroisoandrosterone......| 8 + 65 95 98 
SORGIOBLETON 63.66.56 Sod ceeds si ad 45 64 95 




















* Holden and Bromley have reported on the inability of the BaCls-buffer (pH 5.8) 
technique (2) to hydrolyze estradiol sulfate (14) and testosterone sulfate (15). 


Isolation and Characterization of 17-Ketosteroids Released from Urine by 
Buffer Hydrolysis; Separation of Buffer-Hydrolyzable 17-Ketosteroids—100 
liters of normal male urine were extracted within 24 hours after collection 
in 10 to 20 liter batches as collected. Concentrated HCl was added to 
bring the pH to 1.0 and a butanol concentrate prepared according to the 
routine procedure (see Diagram 1). The “‘a’”’- and 8-hydroxy ketosteroid 
fractions were obtained by procedures schematically shown in Diagram 2. 

Fractionation of B-Hydroxy Ketosteroids Released by Buffer Hydrolysis; 








Isolation and Identification of Dehydroisoandrosterone—The B-hydroxy keto- re 
steroid fraction (Diagram 2) was relatively pure (110 mg. of 17-ketosteroid | jjzo¢ 
in a residue weight of 152.5 mg.; 7.e., 72 per cent ketosteroid) and direct A te 
crystallization from ethanol-water was therefore attempted. Two batches |  jgojg 
of crystals were obtained (total weight, 48.5 mg.) which melted® at approx- 100 

5 All melting points were determined on a Fisher micro melting point apparatus melt 
and are uncorrected. and: 
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imately 132°. Smaller amounts of other crystalline material melted below 
this point and were therefore combined with the mother liquors, placed 
on a 15 gm. aluminum oxide column (aluminum adsorption, Fisher Scien- 
tific Company), and eluted with 100 to 500 cc. portions of pentane-ben- 
zene, benzene-chloroform, chloroform, and methanol in order. The resi- 


D1acRaM 2 
Separation of Buffer-Hydrolyzable 17-Ketosteroids from Normal Male Urine 


Residue from BuOH extract of 
conjugated 17-ketosteroids 
from 100 liters urine 


In‘2/liters 0.1 N acetate buffer, pH 4.7, 
at 100° 4 hrs.; cooled, 
extracted with CCl, 








| | 


CCL; buffer-hydrolyzable Aqueous non-buffer- 
17-ketosteroids hydrolyzable 17- 
(weight, 2.5 gm.) ketosteroids 


Girard's reagent T 








Non-ketonic fraction Ketonic fraction 
(weight, 1.54 gm.) (weight, 397 mg., 17- 
ketosteroids, 220 mg.) 
Digitonin 
Digitonin-non-precipitable Digitonin-precipitable (f- 

(“a’?-ketosteroids) ketosteroids) (weight, 
(weight, 213 mg.; 17-keto- 152.5 mg.; 17-ketosteroids, 
steroids, 86 mg.) 110 mg.) 


dues from the 1:4 CHCls-benzene eluates were semicrystalline (combined 
residue weight, 53 mg.; assayable 17-ketosteroids, 47 mg.), and on crystal- 
lization from EtOH-H,O yielded 30.7 mg. of crystals (m.p. about 134°). 
A total of 79.2 mg. of apparently similar crystalline material was thus 
isolated from the 6 fraction of the buffer-hydrolyzable 17-ketosteroids of 
100 liters of pooled normal male urine. On recrystallization the crystals 
melted at 137-139° and, when mixed with a sample of pure dehydroiso- 
androsterone (m.p. 137—139°), showed no melting point depression. 
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After drying at 70° for 10 hours at 0.05 mm. of Hg pressure, a sample | Comy 
was analyzed for carbon and hydrogen. ketos 
CisH2s02. Calculated, C 79.12, H 9.78; found, C 78.61, H 9.99 test 1 
[a] = +11.4° (ethanol) ; dehydroisoandrosterone [a]p = +10.9° (ethanol) (18) Fr: 
The acetate was prepared in a pyridine-acetic anhydride mixture and, <i 
after recrystallization from ethanol-water, melted at 165-167°. No mixed dilow 
TaBLE V Th 
Chromatogram of ‘‘«’’-Ketosteroids ngs 
yo Eluent — steroida Weight M.p. Subsequent treatment teste 
No. eluent | oyered satur 
ce. mg. mg. C. a 
1 | Pentane-ben- | 300| 8.4 | 27.3 | Oily Combined with mother Th 
zene 1:1 liquor of Fraction 2 and pK \ 
chromatographed be re 
2 | Pentane-ben- 60 | 17.8 | 15.4 | 189-144 | Crystallization; 5.8 mg. ; 
zene 1:1 crystals obtained (156- to in 
158°) in th 
3 | Benzene 300 | 15.5 | 27.6 | 127-184 | Chromatographed; no the f 
crystalline material ob- | by a 
tained the | 
4 ee 100 | 2.2 | 16.5} Oily Discard : 
5 es 100 | 7.9 | 12.1 | 180-146 | Girard reaction; no crys- is eff 
talline material obtained TI 
6 * 900 | 11.2 | 29.8 | Oily As for Fraction 5 juga 
7 . 1000 | 3.8 | 138.1] “ Discard pape 
8 | Chloroform- wan 
benzene 1:3 | 500] 2.7 | 11.0] “ ss 
9 | Chloroform- arat 
benzene 1:1 | 700| 22.6 | 42.8} “ As for Fraction 3 peru 
10 | Chloroform 500; 4.3 | 14.1 ie Discard of d 
obse 
GURL cies Aalee oa eek ee als 96.4 | 209.7 sulfe 
- read 
melting point depression was observed when mixed with authentic dehy- | lyze 
droisoandrosterone acetate (m.p. 167—169°). ¥ 
No other crystalline material could be obtained from the buffer-hy- | drol. 
drolyzable 6-17-ketosteroid fraction. alco. 
Fractionation of “‘a’’-17-Ketosteroids Released by Buffer Hydrolysis—The | este 
“a” ketosteroids (containing 86 mg. of assayable 17-ketosteroid and weigh- | beer 
ing 213 mg.) were dissolved in 50 cc. of 1:1 pentane-benzene mixture and | hyd 
placed on an adsorption column of 67 gm. of aluminum oxide (25 mm. in ‘i 
diameter and 150 mm. in height, alumina adsorption, Fisher Scientific | xt 
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Company). The first chromatogram achieved a separation of the ‘“a’’- 
ketosteroids into ten fractions (Table V). All fractions gave a positive 
test with tetranitromethane for the presence of unsaturation. 

Fraction 2 (Table V) was crystallized from ethanol-pentane and yielded 
5.8 mg. of a white crystalline compound melting at 156-158°. This com- 
pound gave an infra-red spectrophotogram® identical with that of 36- 
chloro-A®-androstenone-17 (m.p. 155-157°). 

The other fractions could not be crystallized even after subjection to 
further fractionation with Girard’s reagent and by chromatography (Table 
V). The fractions obtained in these attempted purifications were again 
tested with tetranitromethane and all gave strongly positive tests for un- 
saturation. 

DISCUSSION 


The observations that glucuronic acid and steroid glucuronides have a 
pK value between pH 3 and 4.5 and that estriol glucuronide may readily 
be removed from butanol (19) by aqueous solutions at pH above 6 tend 
to indicate that the conjugated steroids that have a preferential solubility 
in the aqueous phase at pH above 3 are glucuronides. On the other hand, 
the fact that steroid sulfates in butanol solutions are not readily removed 
by aqueous alkalis (8, 9, 20) is indicative of the sulfate conjugation of 
the buffer-hydrolyzable ketosteroids, whose removal from urine by butanol 
is effected independently of pH. 

The sulfate nature theory for the buffer-hydrolyzable ketosteroid con- 
jugates is supported by two other sets of observations reported in this 
paper: (1) Hydrolysis of urines with glucuronidase neither influenced nor 
was influenced by the buffer hydrolysis. (The spleen glucuronidase prep- 
arations failed to hydrolyze pure steroid sulfates.) (2) The model ex- 
periments with pure steroid sulfates showed a lability to buffer hydrolysis 
of dehydroisoandrosterone sulfate and of cholesterol sulfate. An earlier 
observation that the presence of large amounts (15 gm. per cent) of sodium 
sulfate exerts a profound inhibitory effect on the buffer hydrolysis is also 
readily reconciled with the theory of a sulfate nature of the buffer-hydro- 
lyzed ketosteroid conjugates. 

The data presented in this paper indicate the necessity for buffer hy- 
drolysis of steroid unsaturation (probably in a A® position to an esterified 
alcohol group on C3). The importance of the steric relationships of the 
esterified hydroxyl group is not indicated in these studies. While it has 
been demonstrated that sulfates of 36-hydroxy unsaturated steroids are 
hydrolyzed by the buffer technique, no 3a-hydroxy ketosteroids (7.e. with 


6 This analysis was kindly carried out by Dr. Konrad Dobriner of the Sloan- 
Kettering Institute for Cancer Research. 
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a 3-OH trans to the C1y methyl group) were demonstrable in the ‘‘a”’ frac- 
tion of the buffer-hydrolyzed urine. At least a part of this “‘a’’ fraction 
has been shown to be a non-hydroxy] artifact (36-chloro-A*-androstenone- 
17). 

It has been demonstrated that the lower 6-hydroxy ketosteroid value 
(4.6 per cent) obtained following hydrolysis with hydrochloric acid, as com- 
pared to the relatively high proportion of 8-hydroxy ketosteroids (14 per 
cent) obtained by buffer hydrolysis, is due to the destructive influence on 
the 17-ketosteroids of the HCl treatment (1). In view of the fact that 
36-chloro-A*-androstenone-17 was also isolated from the buffer-hydrolyzed 
ketosteroids, it is probable that there is an even greater amount of 6-hy- 
droxy unsaturated ketosteroids in the urine than that observed in the buf- 
fer hydrolysis experiments. 





The importance of BaCl, in the buffer hydrolysis (2) was not supported | 


by our experiments. The relative unimportance of urea in this hydroly- 
sis is supported by the recent finding in our laboratory* that the buffer 
hydrolytic technique may be directly applied to urine. 

The ketosteroid conjugates of normal male urine which are not hydro- 
lyzed by either the glucuronidase or buffer hydrolytic procedures probably 
consist, at least in large part, of saturated ketosteroid sulfates. The pos- 
sibility of other types of conjugating substances cannot, however, be elim- 
inated. 

The isolation of about 8 per cent of the “total” urinary ketosteroids as 
dehydroisoandrosterone represents an amount of this steroid considerably 
greater than that heretofore reported for normal male urine (21). 


SUMMARY 


1. Factors affecting the preparation of a butanol extract of the conju- 
gated ketosteroids in urine and those influencing their hydrolysis by buf- 
fers have been studied. 

2. These studies led to the development of a procedure for the buffer 
hydrolysis of a specific group of conjugated ketosteroids in urine. 

3. The ketosteroids thus released constitute about one-fourth the 
amount released by HCl hydrolysis and contain about 14 per cent of the 
“total”? 17-ketosteroid content of urine as 6-hydroxy compounds. 

4. Evidence is presented to indicate that the ketosteroids released by 
the buffer hydrolytic procedure are unsaturated and are conjugated as 
sulfates. 

5. The isolation of 80 mg. of dehydroisoandrosterone and of 6 mg. of 
38-chloro-A*®-androstenone-17 from 100 liters of normal male urine is de- 
scribed. 
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COENZYME A FUNCTION IN AND ACETYL TRANSFER BY 
THE PHOSPHOTRANSACETYLASE SYSTEM* 
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(From the Biochemical Research Laboratory, Massachusetts General Hospital, and the 
Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 
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Lipmann and Tuttle (1) discovered that certain bacterial extracts cata- 
lyze a rapid interchange of inorganic and acetyl-bound phosphate. They 
suggested that this exchange might be due in part to a reversibility of the 
phosphoroclastic decomposition of pyruvate; however, the observation that 
the exchange was surprisingly unaffected by addition of acetyl acceptors 
like formate led them to suspect that unknown factors may be also involved. 

More recently, Stadtman and Barker (2) reinvestigated the phosphate 
exchange reaction in cell-free extracts of Clostridium kluyveri. They found 
that substitution of arsenate for phosphate in these extracts resulted in 
a very rapid and complete hydrolysis of acetyl phosphate. The marked 
similarity between these reactions and the reactions catalyzed by the bac- 
terial transglucosidase system, previously described by Doudoroff et al. 
(3, 4), led to the proposal that the phosphate exchange and arsenolysis 
reactions of acetyl phosphate were catalyzed by an acetyl-transferring 
enzyme (Stadtman and Barker (2); Lipmann (5)). 

Concurrently, acetyl phosphate, until recently refractive with regard 
to acetyl donor function, was found to serve as a C: precursor in the syn- 
thesis of butyrate and hexanoate by extracts of C. kluyvert (6), and, in 
particular, it showed a surprising activity in the coenzyme A (CoA)-linked 
citric acid synthesis by extracts of Escherichia coli (7). 

These observations became of even greater interest when it was found 
that microbial extracts could activate acetyl phosphate to serve as an 
acetyl donor for various CoA-dependent acetylation reactions catalyzed 
by animal enzyme preparations (8-10). Attempts to identify this “acti- 
vator” function of microbial extracts led to the proposition that the phos- 
phate exchange and arsenolysis system may be responsible for the acetyl 
transfer from acetyl phosphate. This possibility prompted us to embark 


* Aided by grants from the Commonwealth Fund, the National Cancer Institute, 
the United States Public Health Service, and an institutional grant of the Ameri- 
can Cancer Society to the Massachusetts General Hospital. 

+ Postdoctorate Research Fellow of the Atomic Energy Commission. Present 
address, National Heart Institute, National Institutes of Health, Bethesda 14, 
Maryland. 
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on a more detailed study of the mechanisms of phosphate exchange and 
arsenolysis. Particularly, viewed in conjunction with the recently reported 
observations on an acetyl donor function of the pyruvate-formate exchange 
system (11, 12), these studies appear to open new approaches to the prob- 
lem of acetyl transfer. 


Materials and Methods 


Microbial Preparations—In the majority of experiments reported in this 
paper, extracts of C. kluyveri were applied. Lyophilized extracts of these 
organisms were prepared as previously described (13). Generally 1 to 2.5 
per cent solutions of the lyophilisate were used. In a few experiments, 
extracts of E. colt were used. This preparation is described further in 
the text. 

Acetyl Phosphate—Lithium monoacetyl phosphate was prepared by the 
method of Lipmann and Tuttle (14) or by reaction of isopropeny] acetate 
with phosphoric acid (15). For the estimation of acetyl phosphate, the 
hydroxamic acid method was used (16). For radioactivity studies, the 
inorganic and acetyl phosphate fractions were separated by differential 
calcium precipitation as described by Lipmann and Tuttle (17). 

Radioactivity Determination—To determine P®, 0.05 to 0.1 ml. of the 
solution to be tested was uniformly distributed on a copper disk, dried, 
and the radioactivity measured with a Tracerlab autoscaler having a thin 
windowed Geiger tube. 

Protein Determination—The protein content of the bacterial extracts 
was estimated by turbidity measurements of trichloroacetic acid precipi- 
tates. The bacterial extract, containing 0.1 to 2.0 mg. of protein, was 
made up with water to a volume of 2 ml., and 3 ml. of 5 per cent trichloro- 
acetic acid solution were added. The resulting suspension was allowed 
to stand for 30 seconds and the turbidity was measured in a Klett-Sum- 
merson colorimeter, with a No. 54 filter. Crystalline egg albumin was 
used as standard. The turbidity is a linear function of the amount over 
a range of 0.1 to 5 mg. 

CoA Determination—The coenzyme content was determined by the en- 
zymatic acetylation method of Kaplan and Lipmann (18). CoA deter- 
minations were also carried out by use of the arsenolysis method. As 
will be discussed below, arsenolysis of acetyl phosphate is, over a wide 
range, linearly proportional to CoA concentrations and may be used very 
conveniently for assay purposes. 

Arsenolysis of Acetyl Phosphate—The arsenolysis was generally meas- 
ured under the following standardized conditions: the enzyme was incu- 
bated with a mixture of lithium acetyl phosphate, 0.025 M; cysteine, 0.01 Mm; 
tris(hydroxymethyl) aminomethane buffer (pH 8.0) (19), 01. m; potassium 
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arsenate,! 0.05 m; CoA, if added; total volume, 1.0 ml., 28°. After several 
10 minute intervals, 0.2 ml. aliquots of the mixture were analyzed for 
acetyl phosphate. For controls, two similar mixtures, one without ar- 
snate and one without CoA, were used. Under such conditions, as was 
found previously (2), the rate of arsenolysis is constant until 85 to 90 per 
cent of the acetyl phosphate is decomposed. 


Results 


Methodologically, the arsenolysis of acetyl phosphate is a more con- 
venient reaction than the exchange with radioactive phosphate. There- 
fore, more extensive experiments were performed by following arsenolysis. 
But phosphate exchange was checked to confirm the more important results. 


Participation of Coenzyme A 


Arsenolysis with Extracts of C. kluyveri—Preliminary experiments with 
crude extracts of C. kluyveri showed that the arsenolysis of acetyl phos- 
phate was increased by the addition of CoA. An appreciable reaction in 
the absence of added coenzyme made it uncertain that CoA was an obliga- 
tory component of the system. Assays of lyophilized extracts revealed 
the presence of an unusually high content of CoA; namely, 2 to 4 units 
per mg. Thus, an absolute requirement of CoA for the arsenolysis of 
acetyl phosphate could not be demonstrated without eliminating the CoA 
from enzyme preparations. 

Attempts to remove the coenzyme by dialysis were unsuccessful. Work 
in this laboratory on the isolation and purification of CoA (20) had shown 
that it is readily removed from aqueous solution by anion exchange resins 
and by treatment with charcoal. The application of these methods to 


, bacterial extracts has made it possible to obtain almost completely CoA- 
, free preparations without major losses in enzyme activity (cf. (11)). 


Treatment with Ion Exchange Resin—The anion exchange resin, Dowex-1 


| (300 mesh), was stirred with 10 volumes of N HCl. After 15 minutes, 


the resin was centrifuged and washed 6 times with 10 volumes of distilled 
water. Finally, excess moisture was removed by pressing the resin be- 
tween filter papers. 

For the removal of CoA from cell-free extracts, the almost neutral, 


semidry Dowex-HCl was added directly to the cell-free extracts. The 


pH of the suspension, which tended to become slightly acid, was adjusted 
to 7 to 7.5 by the dropwise addition of a 1 m tris(hydroxymethyl)amino- 
methane solution. The suspension was stirred 10 minutes and then cen- 
trifuged. The supernatant was filtered to remove the last traces of resin. 


1 As will be shown in a forthcoming paper, potassium ion is necessary for arsen- 
olysis activity; sodium salts are inhibitory. 





368 PHOSPHOTRANSACETYLASE SYSTEM 


The results of a typical experiment with cell-free extract of Lot J (25 mg, tracts ¢ 
per ml.) are given in Table I, Experiment 1. The data show that crude additio 
extracts catalyze a rapid arsenolysis of acetyl phosphate even in the ab-_ in the | 
sence of added CoA, whereas Dowex-treated extracts are almost com-! results 
pletely inactive except when CoA is added. Treatment with 0.5 volume on the 
of Dowex removes 94 per cent of the CoA with only 13 per cent loss of the 
enzyme activity. Treatment with an equal volume of the resin removes 
at least 98 per cent of the CoA, but here only 46 per cent of the enzyme ——— 
activity is recovered. 

Charcoal Treatment—Experiments 2 and 3 of Table I show the effect | 


TaBLe | 






































No enz 
Dependence of Arsenolysis on CoA; Effect of Removal of CoA with Dowez-1 or Charcoal | Enzym 
- — | + CoA 
| ; Arsenolysis, 0 ,c~p* + Arse 
== Treatment | Protein vata patie eon! 3 ; ie pen | + CoA 
| ost The 
= units per mg. + —- 0.06 M; 
1 None 19.1 3.8 6.2 | 14.3 1550 
Dowex (0.5 ml. per ml.) 15.6 0.17 0.3 | 9.3 1410 | CoA 
ee REO) Ee SEES) 12.6 0.09 0.09 | 5.7 710 ees 
2 None | 9.6 3.8 6.2 14.3 | 780 
Charcoal (10 mg. per ml.) 8.6 1.5 2.3 9.7 | 640 | 
ee 0. Na SL) (eth 0.5 0.8 | 9.0 630 un 
«(30 7.7 0.4 0.6 8.3 | 500 | 
ej CR A i) aout 0.3 0.5 7.9 | . 570 
3 None 12.1 2.0 3.1 | 11.4 | 1000 
| Charcoal (40 mg. per ml.) iE ag 0 0 | “et | 780 
*Qac~rp = micromoles of acetyl phosphate split in 15 minutes per mg. of pro- Con 
tein. 0.1m; 
} 48 to § 
of charcoal treatment on the removal of CoA from bacterial extracts. In mg) a: 


Experiment 2, 20 ml. of bacterial extract (12.5 mg., Lot J, per ml.) were ganic | 
adjusted to pH 7.0 to 7.5 and treated four times successively with acid- mined 
washed norite A (10 mg. per ml.). After each charcoal treatment, an ali- 


quot of the supernatant was removed and tested for arsenolysis. The C oe 
results show that two successive charcoal treatments remove 87 per cent } perim 
of the CoA. After four such treatments, 92 per cent of the CoA was re-_ ere 
moved, while the recovery of enzyme activity was 74 per cent. Experi- cients 
ment 3 was done with another cell-free extract (Lot L) having a lower | “ th 
CoA content. In this case, after four charcoal treatments, CoA removal topic 
was essentially complete, with an enzyme recovery of 78 per cent. | prese 

Arsenolysis with Extracts of E. coli—The extracts (III 40-C) of E. coli chan: 


26 were prepared as described by Novelli and Lipmann (7). These ex- 
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tracts contained relatively little CoA and a considerable effect of coenzyme 
addition was observed here without any further treatment. This is shown 
in the experiment described in Table II; it confirms and supplements the 
results obtained with extracts of C. kluyveri, that arsenolysis is dependent 
on the presence of CoA. 


TaB.e II 
Arsenolysis with E. coli Extract III 40-C 











Acetyl yey decomposed per 
r. per ml. enzyme 
ag a 
Nes CHEMIE oo ie nt LER. Se Oe an eae ae 0 
BVI IONE. coo s.iac aot Ds casa eee pee neta ea 25 
Sr OAs CB aren URE EM) 8 ois sci ic tea olive rore sak emance oma mee 35 
4: sApperiate (OQOB IE)... cccc5 oo da sd ta kane taoenewe cones 74 
HAO GAY = GEREHALO? oc. 05 5002 08 a hc ee 225 





The system contained lithium acetyl phosphate, 0.008 m; sodium bicarbonate, 


0.06 M; cysteine, 0.01 m; MgCle, 0.005 m; and Z. coli extract, 0.4 ml. in 1.0 ml. 








Tase III 
CoA Effect on Interchange of Acetyl-Bound and P**-Labeled Inorganic Phosphate 
CoA Substance Radioactivity 
units per ml. pM c.p.m. per uM 
0 Inorganic P 98 2520 
Acetyl P 18 7 
40 Inorganic P 91 2140 
Acetyl P 17.2 1930 














Conditions, cysteine, 0.01 m; tris(hydroxymethyl)aminomethane buffer (pH 8.1), 
0.1 m; 1.2 mg. of enzyme (Lot L), acid ammonium sulfate fractions precipitating at 


| 483 to 86 per cent saturation; acetyl P, inorganic phosphate, and CoA (55 units per 
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mg.) as indicated; 1.0 ml. total volume. After 30 minutes incubation (28°), the inor- 
ganic P and acetyl P were separated (17), washed (2), and their P*? content deter- 
mined. 


Phosphate Exchange—Results of an experiment showing the effect of 
CoA on phosphate exchange are summarized in Table III. In this ex- 
periment, a partially purified CoA-free enzyme preparation obtained by 
acid ammonium sulfate fractionation was used. It was incubated with a 
mixture of acetyl P*! and inorganic P® phosphates. The data show that, 


| in the absence of added CoA, there is no significant incorporation of iso- 


topic phosphorus into the phosphoryl group of acetyl phosphate. In the 
presence of CoA, however, there is a very rapid and almost complete ex- 
change between inorganic and acetyl-bound phosphorus. 
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Proportionality of Coenzyme Concentration with Activity—In Table IV, (Crud 
experiments are reproduced in which an ammonium sulfate fraction was mg. of 
used as the enzyme. Two results of interest appear from these data, the Co 
Experiment 1 shows straight proportionality between coenzyme concen-! jnto ac 
tration and activity up to 20 units per ml. Even with considerably higher directl; 
concentrations of CoA, the concentration-activity curve does not bend. the ad 
This makes the system very well suited for CoA assay. In contrast to 


























calcula 
the liver system (18), in which CoA is synthesized from various fragments sample 
(21, 22), this assay has the further advantage of responding exclusively 
to intact CoA. In Experiment 2, CoA preparations of different purity are | 
TaBLe IV —— 
Proportionality of Arsenolysis with CoA Concentration 
Experiment No. CoA sample* CoA added | Units per ml. |% Fgh gen P as 
mg. per ml. | 
1 0 0 0 0.6 —_—— 
$-519-C (55 units per mg.) 0.036 2 2.6 
Re 0.091 5 5.7 1* 
0.18 10 10.3 
0.36 20 20.6 
2 A.512 (67 units per mg.) 0.15 10 11:3 
W (4.5 units per mg.) 2.22 10 10.3 ot 
Conditions, 0.05 m potassium arsenate; 0.1 m tris(hydroxymethyl)aminomethane | 
(pH 8.0); 22 um acetyl P; 0.01 m cysteine; 0.002 m MgCl; 0.5 mg. of enzyme (from | 
Lot L); ammonium sulfate fraction, between 70 and 90 per cent saturation. Final | * Ar 
volume 1 ml. + Ac 
* Preparations obtained from hog liver; Sample W represents a rather early i Di 
fraction, while the other two preparations are more highly purified. CoA pe 


compared at equal potency. The correspondence of activity and potency _ 

is independent of purity, and confirms CoA as the true activator of this | a, 

system. 

" Am 
Purification of Enzyme of C. 

nomet 


For various reasons, a purification of this enzyme appeared most de- 4 
sirable. In particular, it seemed hopeful, with a purified enzyme, to be “on : 
able to approach more closely the important problem of acetyl CoA forma- } °° 


tion. Furthermore, as shown in the succeeding section, the availability | eg 
of a purified preparation facilitated an identification of the acetyl transfer _ 

2 , finall; 
function of this enzyme. 


Enzyme Unit—1 enzyme unit is defined as the amount of enzyme re- | ra 
quired to catalyze, with 5 units of CoA, the arsenolysis of 1 um of acetyl eae 


phosphate in 15 minutes under standard conditions (cf. ““Methods’’). rae 
acti 
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Crude extracts of C. kluyvert usually contain 2 to 4 units of CoA per 
mg. of dry weight. Since the unit of transacetylase is defined in terms of 
the CoA concentration (7.e., with 5 units per ml.), it is necessary to take 
into account the CoA content of the extract. In practice, this was done 
directly by studying the arsenolysis of acetyl phosphate with and without 
the addition of 5 units of CoA. The specific enzyme activity can then be 
calculated directly from the difference in rates of arsenolysis of the two 
samples. This type of calculation is permissible, since the rate of arse- 


TaBLe V 
Ammonium Sulfate Fractionation of C. kluyveri Extracts 
































Arsenolysis, uM 
acetyl phosphate 
; : decomposed per 15 Specific 
es ent) (NH4):SOx fraction uae ihn CoA — ae 
No CoA | Sunits 
| lw simile gaol fet | tl wat 
i 0 (Original) 414 3.1 10.7 2.0 7.6 3200 
0-60 310 0.3 2.7 0.7 2.3 710 
60-70 36 8.0 45.0 By 36.5 1320 
70-90 46 3.8 13.9 1.9 9.6 440 
aT 0 (Original) 450 4.6 10.9 2.5 7.2 3200 
0-43 390 0.1 2.3 0.2 2.2 900 
43-86 34 0 70.0 ot 70 2400 








* Ammonium sulfate fractionation (pH 8.3); cell-free extract, Lot L. 

j Acid ammonium sulfate fractionation; cell-free extract, Lot N. 

t Direct assay by method of Kaplan and Lipmann indicated less than 0.05 unit of 
CoA per mg. (18). 


nolysis at any given enzyme concentration is directly proportional to the 
CoA concentration (cf. Table IV). 

Ammonium Sulfate Fractionation at pH 8—500 mg. of lyophilized extract 
of C. kluyvert were dissolved in 50 ml. of 0.1 Mm tris(hydroxymethyl)ami- 
nomethane buffer (pH 8.3) (19). Finely powdered solid ammonium sul- 
fate was added with stirring and successive fractions of protein were 
collected, precipitating at 0 to 60, 60 to 70, and 70 to 90 per cent satura- 
tion. The various protein precipitates were separated by centrifugation 
in a high speed Serval centrifuge (12,000 r.p.m.), drained carefully, and 
finally dissolved in 10 ml. of water and used directly. Results of a typical 
experiment are given in Table V, Experiment 1. The data show that 
most of the arsenolysis activity is concentrated in the fraction precipi- 
tating between 60 and 70 per cent saturation of ammonium sulfate. This 
fraction represents a 5-fold purification of the arsenolysis enzyme, with a 
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yield of 40 per cent. Noteworthy is the fact that this procedure is not 
efficient in the removal of CoA. The various fractions may contain 0.5 
to 1.0 times as much CoA as was originally present. 


Acid Ammonium Sulfate Fractionation—500 mg. of lyophilized cell-free ' 


extract were dissolved in 8.0 ml. of water. 2.0 ml. of ordinary saturated 
ammonium sulfate (4°) were added and then, with stirring, 4.0 ml. of satu- 
rated acid ammonium sulfate (prepared by mixing 3.0 ml. of concentrated 
H.SO, with 1 liter of saturated ammonium sulfate) were added. The 
precipitate at 43 per cent saturation was removed by centrifugation 


(12,000 r.p.m., 4 to 10°). 30 ml. more of acid ammonium sulfate were ' 


added to the supernatant fluid and the second precipitate (43 to 86 per 
cent saturation) was collected by centrifugation. The final pH of the 
supernatant was 2.0 to 2.7. The complete operation was carried out at 
4°, The precipitates were dissolved in 1.0 ml. of 1 m tris(hydroxymethyl)- 
aminomethane buffer (pH 8.3). Estimation of arsenolysis activity and of 
CoA content (Table V, Experiment 2) shows that 73 per cent of the ac- 
tivity, but only 7.7 per cent protein is found at 43 to 86 per cent satura- 
tion. This fraction therefore represents a 10-fold purification of the 
arsenolysis enzyme. 

In contrast to the fractionation obtained at a higher pH (Exper iment 
1, Table V), the CoA content of these fractions is negligible. 


Coupling of Microbial Transacetylase with Pigeon Liver Acceptor Fraction 
for Aromatic Amines 


The experiments reproduced in Tables VI and VII show that the sys- 
tem transacetylase-CoA-acetyl phosphate acts as acetyl donor to an ani- 
mal tissue acceptor system. In these experiments, Chou’s pigeon liver 
Fraction A-60 (8) was used.? This fraction contains the acceptor system 
for aromatic amines, separated from the ATP-acetate donor system and 


from other acceptor systems, as, for example, that involved in citrate | 


synthesis. When coupled with this fraction, both extracts of C. kluyveri 
and £. colt were similarly active as an acetyl donor system. Similar cou- 
pling with other acceptor systems will be reported elsewhere. 

Further proof that it is the arsenolysis enzyme, which, in the mixed 
enzyme system, is responsible for the activation of acetyl phosphate, was 
obtained by comparing the activity of a crude extract of C. kluyveri and a 


partially purified 43 to 86 per cent acid ammonium sulfate fraction. The | 


crude Dowex-treated extract contained only 2.7 units per mg. as compared 


2 The pigeon liver fractionation was briefly outlined by Chou et al. in a prelim- 
inary report (8). A more detailed description will follow in a subsequent communi 


cation. Fraction A-60 represents the fraction precipitating at between 40 and 60 
per cent acetone in the cold. 
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to:'70 units per mg. for the purified fraction. Results of the combined 
acetylation experiments with these two extracts are compared in Fig. 1. 
These data show rather impressively the relation between the acetyl donor 
function in the system and the transacetylase content as expressed in en- 
zyme units. The curve of Fig. 1 shows that the activity is proportional 


TaB.e VI 


Acetylation of p-Aminobenzotce Acid (PABA) by Pigeon Liver Enzyme, Acetyl 
Phosphate, and C. kluyverit Extract 








: Acetyl PABA, Bratt 
System “and Marshall (23) 
uM 
Acetyl~P + liver fraction, A-60.............. cece eee eee eee 0 
CE OSE SA CTANEACOUVIOSO! 5 lcci ch-eceerongeetmeeennemes ees 0 
Transacetylase + liver fraction................... cece cece eens 0 
Acetyl~P + liver fraction + bacterial transacetylase......... 0.92 








Conditions, tris(hydroxymethyl)aminomethane buffer (pH 8.1), 0.2 mM; cysteine, 
0.01 m; acetyl~P, 0.025 m; PABA, 0.001 m; CoA (67 units per mg.), 10 units; bac- 
terial transacetylase (acid ammonium sulfate fraction, 43 to 86 per cent saturation), 
0.3 mg.; pigeon liver fraction (A-60-4) (8), 0.8 ml. Final volume 1.0 ml., 28°, 60 
minutes. 

Tas.e VII 


Coupling Between Liver Fraction A-60 and E. coli Extract 





PABA acetylated, 
Fraction Acetyl phosphate Bratton and 
Mashall (23) 











uM 
DIVOR AOU oui. bccn iiosuind ae momese wa lane eemeaes if 0 
IBRGOUE CHUPOC Uso. 5sc.i6.5:s oe sees Wee ed tan Hoan neredadee a 0 
5 a as a OOD hacia eka ce nee eee rere _ 0 
on SOE ER EOE oie corks a caeln asa ee a Ae 4+ 0.68 





p-Aminobenzoic acid system, PABA, 0.001 m; MgCl2, 0.01 m; cysteine, 0.01 m; 
CoA, 11 units; acetyl phosphate, 0.01 m; tris(hydroxymethyl)aminomethane buffer, 
0.1m (pH 7.2). E. coli extract, 0.4 ml.; Fraction A-60, 0.2 ml.; total volume 1.0 ml. 


to arsenolysis units, independent of purity. Thus, 0.025 unit was nec- 
essary for effecting a half saturation of the acceptor system, corresponding 
to 0.36 of the purified and 9.5 y of crude enzyme.’ 


3 As shown by these experiments, only very small amounts of transacetylase are 
necessary to produce considerable activation of acetyl phosphate for use by the 
amine acceptor system in animal tissue. This observation suggests a reinterpreta- 
tion of previous experiments (24, 25), indicating special acetyl phosphate formed 
enzymatically from ATP and acetate by extracts of Z. coli. It is now assumed that 
the observed activity was due to contamination of enzymatically formed normal 
acetyl phosphate with minute amounts of transacetylase. 
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The failure of animal enzyme preparations to utilize synthetic acety| more, | 
phosphate as an acetyl donor can now be attributed to absence of a phos- I to al 
photransacetylase. This confirms earlier unpublished experiments by Lip- amines 
mann and Tuttle, who found, with tissue homogenates, no exchange | 











Acetyl- 
between acetyl-bound and inorganic phosphate. A survey of several 
groups of microorganisms has shown that the phosphotransacetylase is h 
present in many bacteria: Proteus morganti, Lactobacillus delbrueckii, Clos- T ; 
tridium tetanamorphum, Clostridium butylicum, E. coli. The enzyme can ae 
so far not be detected in yeast. howev 
} = Prev 
08 well a 
a a reacti¢ 
fe) liver € 
a 06 And r 
= ° contal 
= ) by wa 
S 0.4 
“is © Dowex treated Extract Pyruva 
= @ 43-86 fraction (Acid(NH,),SO,) 
0.2 The 
(11), : 
are pr 
(e) | Fro 
1¢) 0.1 02 0.3 0.4 0.5 | anne 
Units of Transacetylase | synth 
Fig. 1. The effect of the concentration of transacetylase on acetylation of PABA | of en 
by pigeon liver enzyme. Conditions as given in Table VI, except that two bacterial turn, 
enzyme preparations were used. ©, Dowex-treated bacterial extract (Lot N); @, syster 
acid ammonium sulfate fraction precipitating at 43 to 86 per cent saturation. | | 
DISCUSSION 
In view of the general réle of CoA in acetyl transfer reactions, the inter- Co 


mediate formation of acetyl~CoA had been an attractive proposition. and i 
The evidence presented here and earlier experience appear to bear out phosy 
the assumption that there exists an acetyl~CoA with an energy-rich link > vipa 
between’ the acetyl group and the coenzyme, either free or protein-bound. } a a 
In the first part of this paper, it was shown that the transacetylase re- sae 
action, as represented by phosphate exchange or arsenolysis of acetyl phos- d , 
phate, is CoA-dependent. The exchange reaction is therefore formulated —_ 
as follows: ee 
A is ¢ 
Acetyl~phosphate + CoA-Protein I = acetyl~CoA-Protein I + phosphate (1) Me 





The donor function of this system for acetyl acceptor systems, further- | &tta' 
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more, suggests the transfer of acetyl~CoA from transacetylase Protein 
I to an acceptor; for instance, enzyme Protein II, specific for aromatic 


amines. This may be formulated as follows: 


Acetyl~CoA-Protein I + amine-Protein II > 


acetyl amine + Protein I + Protein II + CoA (2) 


The easiest interpretation is to assume that acetyl~CoA dissociates 
from Protein I and CoA assumes an acetyl carrier function. This aspect, 
however, remains to be further substantiated. 

Previous experiments have shown already that a variety of donor as 
well as acceptor systems may react together to perform acetyl transfer 
reactions. Chou e¢ al. isolated the ATP-acetate donor system from pigeon 
liver extract and recombined it with a variety of acceptor systems (8). 
And recently, Chantrenne and Lipmann (11) showed that Z. coli extracts 
contain a donor system that derives acetyl groups directly from pyruvate 
by way of a formate exchange system. 


Pyruvate (= acetyl formate) + CoA-Protein III = 
acetyl~CoA-Protein III + formate (3) 


The similarity between Reactions 1 and 3 has been pointed out already 
(11), and the terms “‘phosphotransacetylase” and “formotransacetylase” 
are proposed for the respective enzyme systems. 

From data obtained during the last few years (7, 10, 26), the conclusion 
is ventured that the so called “‘active acetate,” fed into a great variety of 
synthetic channels, is acetyl~CoA, which may be derived by a variety 
of enzyme reactions from a variety of acetyl-donating molecules. In 
turn, acetyl~CoA may donate its acetyl residue to a variety of acceptor 
systems. 


SUMMARY 


Coenzyme A is required for the catalysis of interchange of acetyl-bound 
and inorganic phosphate and for the arsenolysis of acetyl phosphate by a 
phosphotransacetylation enzyme present in extracts of Clostridium kluy- 
vert and other bacteria. The rate of arsenolysis is directly proportional 


| to coenzyme A concentration. The phosphotransacetylase has been par- 


tially purified by ammonium sulfate fractionation. 
Phosphotransacetylase-coenzyme A + acetyl phosphate was shown to 
donate acetyl groups for acetylation of aromatic amines to a specific pi- 
geon liver acceptor fraction. The acetyl transfer function of coenzyme 
A is discussed in the light of these experiments. 
Methods are described for the removal of coenzyme A from bacterial 
extracts by treatment with an ion exchange resin or charcoal. 
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THE MECHANISM OF ACETOACETATE SYNTHESIS* 
By E. R. STADTMAN,} MICHAEL DOUDOROFF,} anp FRITZ LIPMANN 
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Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 
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The observation of a coenzyme A (CoA)-catalyzed acetoacetate syn- 
thesis from acetate and adenosinetriphosphate in pigeon liver extracts (1) 
grouped this reaction with the larger family of acetylation reactions. 
Furthermore it furnished partial confirmation of an earlier calculation (2) 
showing that 16,000 calories are required for the condensation of two ace- 
tates to acetoacetate. Thus, one energy-rich phosphate bond could carry 
sufficient energy for such a condensation. A further and more direct sup- 
port for these calculations was furnished by Stadtman and Barker (3) 
who found in extracts of Clostridium kluyvert a phosphoroclastic split of 
acetoacetate, with the formation of acetyl phosphate and acetate. This 
observation suggested that in the reverse condensation reaction an ac- 
tivated carboxyl group (viz., acetyl phosphate) may react with the methyl 
group of “passive” acetate. Since the total energy required for the con- 
densation could be furnished by the acetyl phosphate, it seemed plausible 
that the methyl group of the second acetate may not require activation. 
However, some doubt about the passive réle of the second acetate arose 
when it was found that, if coupled with the appropriate animal acceptor 
enzymes, bacterial phosphotransacetylase can activate acetyl phosphate 
to serve as an acetyl donor in the synthesis of both citrate (4-6) and ace- 
toacetate (5) and for the acetylation of sulfanilamide (7). It thus appears 
that the same donor system can deliver methyl-activated as well as car- 
boxyl-activated acetate. By use of labeled acetyl phosphate and acetate, 
it seemed possible to decide whether, for the synthesis of acetoacetate, 
carboxyl activation was sufficient or whether a methyl activation was re- 
quired also. The isotope experiments reported here somewhat unexpect- 


| edly showed that both 2-carbon molecules that condense to form 
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acetoacetate are derived from acetyl phosphate. Thus both require an  acetat 


activation. that a 
. aniline 

Materials and Methods | Det 

Radioactive Substances—Commercially available acetate labeled with C“ conve: 
in the carboxyl group (Tracerlab, Inc.) was used. paper 


Labeled acetyl phosphate was prepared by enzymatic transfer of the phos- paper 
phoryl group of ordinary acetyl phosphate to carboxyl-labeled acetate (8) were 1 
through a transphosphorylase present in C. kluyvert. The resulting la- Bac 
beled acetyl phosphate was separated from the acetate by alcoholic pre- | prepa 
cipitation of the lithium salt. 2.0 ml. of suspension containing 25 mg. of _ sulfat 
dried cells of C. kluyvert, 100 um of synthetic acetyl phosphate, and 80 tion p 
uM of carboxyl-labeled acetate (120,000 counts per minute per uM) were ration 
incubated 20 minutes at 28°. 0.2 ml. of 2 m lithium chloride were added comp! 
and the suspension was centrifuged to remove cell débris and lithium phos- _ vitiat 
phate. 10 ml. of absolute ethanol were added to the supernatant and) Ace 
the precipitate containing the lithium acetyl phosphate was removed by ration 
centrifugation, washed with 10 ml. of absolute ethanol, and then with 10 | tracts 
ml. of ether. After drying at room temperature, the precipitate was dis- prota: 
solved in 0.5 ml. of water. Total recovery of the acetyl phosphate was Mi 
70 per cent. The absence of labeled acetate in the preparation was in- ethyl 
dicated by the fact that the molar specific activity of the acetyl phos- | proce 
phate (23,000 ¢.p.m. per micromole) determined by the direct counting | 
of the dissolved precipitate was in good agreement with the molar spe- 
cific activity of the acethydroxamic acid derivative (22,400 ¢.p.m. per mi- Ace 
cromole isolated by paper chromatography (8). and | 

Acetoacetate and Acetone Determination—A modified microdiffusion pro- | labele 
cedure employing the principles of several existing methods (3, 9) was | trans: 
used. 1.0 ml. of test solution containing 0.02 to 0.3 um of acetoacetate | tion, 
was placed in the main compartment of a microdiffusion chamber, 0.4 { phos} 
ml. of 1 m sodium bisulfite was put in the center well, and finally, just | of un 
before closing, 0.2 ml. of 15 N sulfuric acid was added to the test solution. | comp 
After 12 hours at 37°, the acetone (from acid decomposition of the aceto- | dioxi 
acetate) is quantitatively fixed in the center well as the bisulfite complex. | used 
The vessel was cooled (4°) and the contents of the center well were trans- Th 
ferred to a test-tube, made to a final volume of 1.0 ml., and 0.05 ml. of | beled 
salicylaldehyde and 1.0 ml. of 75 per cent ethanol were added. The re- | C¥ ¢ 
sulting solution was centrifuged if turbid, and read in a Klett colorimeter | with 
with a No. 540 filter. Acetone was used as a standard. With this | fore, 
method, 0.02 to 0.1 um of acetoacetate can be determined with an accuracy | The 
of 5 to 10 per cent. was | 

Determination of C% in Acetoacetate—The distribution of C“ in aceto- | bon 
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acetate was determined as described by Stadtman and Barker (3), except 
that aniline citrate was used to decarboxylate the acetoacetate instead of 
aniline acetate. 

Determination of Ct in Acetyl Phosphate—The acetyl phosphate was 
converted to the acethydroxamic acid derivative, which was isolated by 
paper chromatography (8). The hydroxamic acid was eluted from the 
paper and radioactivity measurements and hydroxamic acid analysis (10) 
were made on the eluate. 

Bacterial Phosphotransacetylase—A partially purified transacetylase 
preparation was obtained as previously described (7) by acid ammonium 
sulfate fractionations of cell-free extracts of C. kluyveri. The protein frac- 
tion precipitating at between 43 and 86 per cent ammonium sulfate satu- 
ration (pH 2.5 to 3.0) was used. The fractionation removes almost 
completely transphosphorylase activity, the presence of which would have 
vitiated our results. 

Acetoacetate-Synthesizing Enzyme—A partially purified enzyme prepa- 
ration was used which had been prepared by Dr. T. C. Chou (5) from ex- 
tracts of pigeon liver acetone powders, by a sequence of acetone and 
protamine precipitations. 

Miscellaneous M ethods—Acetoacetate was prepared by hydrolysis of the 
ethyl ester (11); acetyl phosphate was estimated by the hydroxamic acid 
procedure (10). 


Results 


Acetoacetate Synthesis in Presence of C'-Labeled Acetate (CH;C“OOH) 
and Unlabeled Acetyl Phosphate—Synthetic acetyl phosphate and carboxyl- 
labeled acetate were incubated with a mixture of the bacterial phospho- 
transacetylase and the liver-condensing enzyme. After 2 hours incuba- 
tion, 0.2 ml. aliquots of the reaction mixture were tested directly for acetyl 
phosphate and acetoacetate respectively. To a 1.5 ml. sample, 100 um 
of unlabeled acetoacetate were added as carrier: the acetoacetate was de- 
composed with aniline citrate, and the C contents of the evolved carbon 
dioxide and acetone were determined. 1.0 ml. of the test solution was 
used to determine the C™ content of the acetyl phosphate. 

The data, summarized in Table I, show that practically none of the la- 
beled carbon of acetate was incorporated into the acetoacetate. The final 
C* content of the acetate was 78,000 c.p.m. per micromole as compared 
with only 1410 c.p.m. per micromole for the acetoacetate formed. There- 
fore, less than 2.0 per cent of the acetoacetate was derived from acetate. 
The small amount of labeled carbon that did get into the acetoacetate 
was almost equally distributed between the carboxyl and carbonyl] car- 
bon atoms. Since the molar specific activities of these carbons (each 600 
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to 700 c.p.m. per micromole) were about equal to that of the residual ace- and p 

tyl phosphate (830 c.p.m. per micromole), it is indicated that all of the —_ phosp 

acetoacetate formed was derived from acetyl phosphate. to the 
The small amount of C™ found in the residual acetyl phosphate is most ; phosp 

probably due to the presence of traces of transphosphorylase in the bac- 

terial transacetylase preparation,! which catalyze the reaction 























Synthe 
CH;COOPO;H: + CH;C“OOH = CH;C“OOPO;H: + CH;sCOOH (1) 
TaBLeE | 
Synthesis of Acetoacetate in Presence of CH;C“OOH and CH;COOPO;H;, ‘ae 
Compound Total C™ content Before 
uM total c.p.m. | c.p.m. per uM After 
Before incubation Acetate 40 5,200,000 | 130,000 bati 
Acetyl phosphate 80 0 0 
After 120 min. incuba-| Acetate 63* 5,150,000f | 82,000 
tion Acetyl phosphate 38 31,600 | 830 
Acetoacetate 9.4 13,300{ | 1,410 Th 
Ke carboxyl C | 740§ (oH ; 
“ b 1 “€ | 560 p . 
ere a I 0.008 » 
The test mixture contained 0.083 m potassium phosphate buffer (pH 8.0), 0.011 ge 
M cysteine, 0.022 m lithium acetyl phosphate, 0.011 m MgCls, 0.011 m sodium acetate, S 
80 units of CoA (67 units per mg.), bacterial phosphotransacetylase (acid ammonium ; tM 
sulfate fraction, 43 to 86 per cent saturation), and 1.4 ml. of pigeon liver enzyme | !28 4 
preparation. Total volume 3.6 ml.; 28°. labele 


* Calculated on the assumption that the decrease in acetyl phosphate not due to 
acetoacetate formation was due to hydrolysis to acetate. 

t Calculated by difference. 

¢{ Calculated from C'* measurements for carboxyl and carbonyl carbons. Th 

§ C in carbon dioxide evolved by treatment with aniline citrate. _ 

|| C44 in acetone evolved by treatment with aniline citrate. 





Synthesis of Acetoacetate in Presence of Carboxyl-Labeled Acetyl Phos- 
phate and Ordinary Acetate—The data of Table II are from an experiment | 
almost identical to that described in Table I, except that the enzyme mix- 
ture was incubated with unlabeled acetate and carboxyl-labeled acetyl 
phosphate. The data show that the C content of both the carboxyl and | preps 
carbonyl carbons of acetoacetate formed is about 6 times greater than } actio 
that of the residual acetate; therefore, neither of these carbons could have 
been derived exclusively from acetate. On the other hand, the C“ con- 


tent of the carboxyl and carbonyl carbons is about the same as that of the Th 
acetyl phosphate. These data thus complement those shown in Table I | just : 
vatio 


1 As pointed out in the section on methods, crude extracts of C. kluyveri contain ‘, 
a very active transphosphorylase (8), which was made the basis of the enzymatic | P!0S 
synthesis of C'4-labeled acetyl phosphate described here. they 
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and prove that the acetoacetate molecule is derived from 2 moles of acetyl 
phosphate. The appreciable C“ content of the final acetate is due mainly 
to the formation of labeled acetate by hydrolysis of the labeled acetyl 
phosphate, both spontaneously, and by acetyl phosphatase in the liver 











TasB_eE II 
Synthesis of Acetoacetate from CH;C“OOPO;~ in Presence of Excess of Unlabeled 
Acetate 
Compound Total C* content 
=u uM total c.p.m. | ¢.p.m. per om 
Before incubation Acetate 227 0 0 
Acetyl phosphate 70 1,600,000 23,000 
After 70 min. incu- | Acetate 257* 690 ,000T 2,900 
bation Acetyl phosphate 37 830 ,000 22,400 
Acetoacetate 1.5 53 ,000 35,200 
ee carboxyl C 15,700 
es carbonyl ‘‘ 19,500 

















The test mixture contained 0.14 m tris(hydroxymethyl)aminomethane buffer 
(pH 8.3), 0.063 m sodium acetate, 0.019 m lithium acetyl phosphate, 0.0016 m MgCle, 
0.008 m cysteine, 60 units of CoA (67 units per mg.). In all other respects, the ex- 
periment was identical to that in Table I. 

* See Table I for the methods used. 

{t Maximum value, based on the assumption that the acetyl phosphate disappear- 
ing and not accounted for by acetoacetate formation was converted to carboxy]l- 
labeled acetate and inorganic phosphate. 


TaB_e III 


Acetoacetate Formation and Acetyl Phosphate Disappearance 
The conditions were analogous to those described in Table II. 

















Time Acetyl phosphate disappearance Acetoacetate formation 
: min. BM pM ; 
30 0.36 0.18 
65 1.00 0.42 
125 1.69 0.87 
preparation. Also, some labeled acetate is undoubtedly formed by Re- 


action 1 for reasons already discussed. 


DISCUSSION 


The results show that the enzymatic synthesis of acetoacetate is not 
just an acetylation of the methyl group of acetate, but requires the acti- 
vation of the methyl as well as of the carboxyl group. 2 moles of acetyl 
phosphate are used in the condensation reaction. It is most likely that 
they are first converted to 2 acetyl~CoA molecules by transacetylase (7). 
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The function of the pigeon liver enzyme then would be to give an oppor- 
tunity to 2 moles of acetyl~CoA to condense head to tail with each other, 


2 acetyl~phosphate + 2CoA transacetylase 2 acetyl~CoA + 2 phosphate (2) 


v 








2 acetyl~CoA _liver_ enzyme, acetoacetate + 2CoA (3) 


In confirmation of this formulation, it was found that for every aceto- 
acetate formed about 2 molecules of acetyl phosphate disappear as 
measured by the hydroxamic acid reaction (Table III). Although, ener- 
getically, an activation of the methyl group may not be necessary, the 
enzymatic machinery obviously demands a double activation. 


SUMMARY 


In the presence of a partially purified bacterial phosphotransacetylase, 
the acetyl group of synthetic acetyl phosphate can be used for the syn- 
thesis of acetoacetate by an enzyme system present in pigeon liver ex- 
tract. With such a mixed bacterial-liver enzyme system, and labeled 
acetate or acetyl phosphate, evidence was obtained showing that aceto- 
acetate is formed by the condensation of two activated 2-carbon units, 
both derived from acetyl phosphate; the formation of acetoacetate by 
condensation of one active acetate with ordinary acetate is excluded. 


BIBLIOGRAPHY 


. Soodak, M., and Lipmann, F., J. Biol. Chem., 175, 999 (1948). 

. Lipmann, F., Advances in Enzymol., 6, 231 (1946). 

. Stadtman, E. R., and Barker, H. A., J. Biol. Chem., 180, 1169 (1949). 

. Novelli, G. D., and Lipmann, F., J. Biol. Chem., 182, 213 (1950). 

. Chou, T. C., Novelli, G. D., Stadtman, E. R., and Lipmann, F., Federation 
Proc., 9, 160 (1950). 

. Stern, J. R., Shapiro, B., and Ochoa, S., Nature, 166, 403 (1950). 

. Stadtman, E. R., Novelli, G. D., and Lipmann, F., J. Biol. Chem., 191, 365 (1951). 

. Stadtman, E. R., and Barker, H. A., J. Biol. Chem., 184, 769 (1950). 

. Behre, J. A., J. Biol. Chem., 186, 25 (1940). 

. Lipmann, F., and Tuttle, L. C., J. Biol. Chem., 158, 505 (1945). 

. Davies, R., Biochem. J., 37, 230 (1948). 


ar whd 


me owoon eo 


— 


\ 





CRE 


(From 


As 
cophe 
growl 
of th 
chem 
rats ¢ 
mark 
as 30 
its n 
creas 

Ac 
initia 
speci 
fined 
migh 
anim 

In 
amir 
in th 
rate 
cocy 
of ¢1 
prot 
origi 
mals 
that 

T 
to b 
orig 
cilec 

* 


cinn 


XUM 


ter. ~~ CREATINE AND GLYCOCYAMINE METABOLISM IN RABBITS 


(2) IN VITAMIN E DEFICIENCY* 
(3) By ROBERT 8S. MELVILLE anv J. P. HUMMEL 

(From the Department of Biochemistry, State University of Iowa, College of Medicine, 
to- Iowa City, Iowa) 


(Received for publication, March 5, 1951) 


the As is well known, many animals, when deprived of vitamin E (a-to- 
copherol), develop a paralysis of the voluntary muscles (1). The partly 
grown rabbit becomes completely helpless in 3 to 4 weeks. The progress 
of the disease is characterized by histological changes and alterations in 


Se, chemical composition. Thus muscle creatine declines considerably (2), in 
yn- rats even before any abnormality in structure is evident (8). There is a 
€x- | marked increase in urinary creatine (4), which may ultimately be as much 
led as 30-fold the usual excretion (5). Since muscle loses little more than half 
to- its normal creatine content, the rate of creatine synthesis must be in- 
its, creased. 

by According to presently accepted views, the kidney is responsible for the 


initial synthesis of glycocyamine from glycine and arginine, and, in most 

species examined, the subsequent methylation of this compound is con- 

fined to the liver (6, 7). If the synthesis of creatine is accelerated, one 
might expect to find a higher content of creatine in the liver of dystrophic 
| animals. 

In preliminary experiments (8), this was found to be true. If glycocy- 
| amine is necessarily also synthesized in larger amounts, its concentration 
| in the kidney might be elevated, together with a rise in the blood. If the 
1) | rate of methylation in the liver were equally increased, the level of gly- 

; | cocyamine might remain unchanged. The source of the component units 

| of creatine, especially in the later stages of dystrophy, is probably muscle 
protein; in the early stages, while the animals are still gaining weight, the 
origin of the extra creatine is not immediately obvious. When the ani- 
mals can no longer eat, the creatinuria of dystrophy is compounded with 
that of inanition. 

The excretion of creatinine in nutritional muscular dystrophy appears 
to be relatively unchanged (4). The view that urinary creatinine has its 
origin primarily in the creatine phosphate of muscle (9) cannot be recon- 
ciled with the observed diminution of creatine phosphate in dystrophic 


ton 


* Supported in part by a grant from The Procter and Gamble Company, Cin- 
cinnati, Ohio. 
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muscle (10) and with the conclusion that the phosphorylation of creatine 
is impaired (11). 

In order further to elucidate some of these relationships, it seemed nec- 
essary to have information on the progressive changes in glycocyamine 
and creatine content of muscle, liver, kidney, blood, and urine during the 
development of the disease. 


EXPERIMENTAL 


Newly weaned albino rabbits weighing about 1 kilo were reared on the 
commonly used dystrophy-producing diet (12), to which were added 15 
y of vitamin By per kilo. 

Two of each lot of six rabbits were used as controls and were given 
orally 15 mg. of a-tocopherol acetate? in olive oil every 4th day. They 
continued to thrive and gain weight after an initial loss accompanying 
the gradual transition from rabbit chow to the experimental diet. The 
animals which received no vitamin E also gained for 12 to 18 days, after 
which their weights declined sharply and continuously, with external evi- 
dence of advancing paralysis. Weight changes and total urinary excre- 
tion of creatine and glycocyamine were determined in 2 day periods. 

At various intervals, animals were used for chemical and histological 
studies. After anesthesia by a non-lethal dose of nembutal (0.05 gm. per 
kilo. of body weight) injected into the marginal ear vein, the peritoneal 
cavity was opened and a sample of blood was obtained from the hepatic 
vein. Portions of liver, kidney cortex, and muscle (hind leg) were re- 
moved for analysis. Samples of muscle for microscopic study were fixed 
in Bouin’s solution and stained with hematoxylin and eosin.? Care was 
always taken to obtain the liver samples from the same lobe to minimize 
possible variations in chemical composition. The tissues were blotted dry 
on filter paper, weighed, and homogenized in a Potter-Elvehjem type ho- 
mogenizer with 5 ml. of distilled water. After the tissues were thoroughly 


macerated, 5 ml. of 10 per cent trichloroacetic acid were added, and the | 


solutions were centrifuged and decanted into 25 ml. volumetric flasks. 
The residues were again homogenized with water, trichloroacetic acid was 
added, and, after centrifuging, the supernatant fluids were decanted into 
the corresponding flasks. The contents of each flask were diluted to 25 
ml. with distilled water. Creatine and glycocyamine were determined in 
aliquots of these solutions. 

Because the Jaffe reaction is not specific for creatine, the direct method 

1 Kindly supplied by E. R. Squibb and Sons, New Brunswick, New Jersey. 


2 Kindly supplied by Hoffman-La Roche, Inc., Nutley, New Jersey. 
3 The microscopic sections were prepared in the Department of Pathology, and 


\ 
Dr. E. D. Warner generously aided in assessing the apparent extent of tissue damage. | 
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1e of Ennor and Stocken (13) was chosen. It depends on the condensation 
of diacetyl with substances containing the guanidine group to produce a 
C- pink color (Vosges-Proskauer reaction). The addition of a-naphthol, as 
ne | suggested by Barritt (14), intensifies the color. To remove the inhibitory 
he effect of sulfhydryl compounds on color formation, p-chloromercuriben- 
zoic acid was uniformly used and was particularly necessary in connection 
with the samples of liver. With its use, 96 to 100 per cent of creatine, 
added to tissue and urine samples as the internal standard, could be ac- 
he counted for. Creatinine, allantoin, and glucose seemed to cause no inter- 
15 } ference in concentrations as high as 4 times those found physiologically. 
Arginine, guanidine, and glycocyamine produce about 10 per cent of the 
en color produced by equivalent amounts of creatine. The interference by 
ey arginine was removed by preliminary treatment with arginase,* and the 
ng amounts of glycocyamine were too small to require a correction. Since 
he trichloroacetic acid develops a blue color with a-naphthol in daylight, the 
ter } procedure was carried out in a darkened room under diffuse light from a 


vi- tungsten lamp. ‘Trichloroacetic acid was also added to the standards. 

re- |  Glycocyamine was determined by MacPherson’s modification (15) of 
the Sakaguchi reaction, which involves the interaction of guanidine groups 

cal with a-naphthol in alkaline solution to produce a compound with a red 


yer color when hypobromite is added. The color obeys the Beer-Lambert 
eal law over a limited range. By keeping the standards and unknowns within 
tic , this range, reliable and reproducible results could be obtained. Creatine, 


re- | nitroguanidine, and glycocyamidine do not respond to the test, and close 
‘ed | agreement was uniformly obtained. 
vas All colorimetric readings were made with the Coleman Universal spec- 


ize  trophotometer and were evaluated from standard curves checked at three 
lry points with each set of determinations. Creatine was read at 520 muy, 
ho- | glycocyamine at 505 mu. 

hly Creatine and Glycocyamine Excretion—F¥or purposes of correlation, three 
the | stages in the development of the dystrophic condition were defined as in- 
ks. cipient, moderate, and severe. These are approximately stages I, II, and 
vas III as described by Mackenzie and McCollum (5). Rabbits in the in- 
nto  cipient stage had been on the deficient diet for at least 15 days; the skel- 
25 . etal muscles show no gross abnormalities or histological changes. In the 
lin moderate stage of dystrophy, there are symptoms of paralysis and a no- 
| ticeable slowness in regaining normal posture; histologically, there is an 


nod | increased number of histiocytes, some degeneration of the sarcolemma, 
/ and some loss of cross-striations. Severely dystrophic rabbits are pros- 
| trate and show a severe loss of longitudinal and cross-striations and 
and | 4A preparation of arginase was given us by Dr. Theodore Winnick of the Radi- 
age. | 


ation Research Laboratory. 


XUM 





386 VITAMIN E DEFICIENCY 


extensive areas of replacement by connective tissue, with many giant cells 


double 

and polymorphonuclear leucocytes. was gI 
In the sixteen control animals, the average daily output of creatine many 
varied greatly, from as little as 1 mg. to more than 100 mg. per 24 hours.® | In t 
Almost invariably, an increase accompanied a loss in body weight. Thus, ee 
in the first few days, during the transition from rabbit chow to the experi- excret: 
mental diet when a loss of weight was usual, creatine excretion rose; as ultima 


soon as the lost weight was regained, it dropped back to normal figures 
(2 to 5 mg. per 24 hours, occasionally 10 to 15 mg.). A few of the control 
animals unaccountably lost weight at the very end of the experiment and | Av 
showed a creatinuria probably due to inanition, but records of food con- 
sumption were not made. 

Glycocyamine excretion was slightly higher and never more than about 


twice that of creatine, and the fluctuations showed some parallelism. Per- — 
haps, normally, more glycocyamine is produced than is needed for con- 

version into creatine and this excess is excreted. In normal human } ——— 
subjects (16), creatinemia (and creatinuria) increased the excretion of biiaidea 


glycocyamine; this was due to reduced tubular reabsorption rather than 
to more rapid synthesis or methylation of glycocyamine, and there was no 
evidence that excess creatine retarded the methylation of glycocyamine 
(17). Incipie 
The excretion of creatine by the twenty-four vitamin E-deficient ani- 
mals showed some initial variability, but generally followed the pattern 
of the control animals until about the 10th day, when it mounted very | Moder 
rapidly by as much as 50 mg. on each succeeding day. The highest figure 
recorded for any animal was 310 mg. per day. The initial increase took 
place fully 1 week before the animals ceased to gain weight, and it pre- 
ceded the beginning of the moderate stage of dystrophy by several days. 
All animals showed essentially the same degree of creatinuria, once the 
symptoms of dystrophy became apparent, and no correlation could be 
made between the stage of severity of the disease and the amount of crea- = ~~ 
tine in the urine. As the creatine output began to increase, there was was n 
also a gradual rise in the amount of glycocyamine excreted. This increase were 
was only about 3-fold of the normal in any stage of the disease; the high- _ blood 
est figure recorded was 35 mg. per day. Mu: 
Creatine and Glycocyamine in Tissues—As seen in Table I, the creatine incipie 
concentration in the liver and blood of the control animals was about ure fc 


Severe 


5 On file in the American Documentation Institute, 1719 N Street, N.W., Wash- values 
ington 6, D. C., as Document 3247, are complete protocols of the urine and tissue from 
analyses for each of the forty animals and also a statistical analysis of the data from the e: 
the control animals and from all the experimental animals taken together. Micro- 


. cally, 
film, $1.00; photocopies (6 X 8 inches), $6.00. 
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double that of glycocyamine. In the kidney, the amount of glycocyamine 
was greater than that of creatine. In muscle the creatine content was 
many times as high as that of glycocyamine. 

In the incipient stage, the creatine content of liver and kidney increased 
markedly, This increase occurred simultaneously with the rise in urinary 
excretion. Muscle creatine declined amazingly. More than half of the 
ultimate loss of creatine was sustained in this incipient stage when there 


TaBe I 


Average Creatine and Glycocyamine Concentration in Tissues of Normal and 
Experimental Animals 




















Creatine Glycocyamine 
Dystrophy Class Average Average 
Kad | came | nae | (SA ct| | its 
gm. tissue gm. tissue 
mg. mg. mg. mg. 
Control Liver 16 11.4 4.1- 26.0} 12 6.9 3.3-11.0 
Kidney 10 18.3 7.4- 39.0 10 23.2 18.4-37.3 
Muscle 8 652.0 | 544.0-736.0 8 12.3 7.5-17.0 
Blood 10 2.7 1.8- 4.3 10 1! 0.3- 2.4 
Incipient Liver 7 61.1 22.4-130.0 2 8.2 8.0- 8.5 
Kidney 3 65.9 60.0- 74.0 2 17.4 13.0-22.0 
Muscle 3 | 444.0 | 215.0-670.0 2 13.1 10.4-15.8 
Blood 3 11.8 9.2- 13.9 2 2.3 1.7- 4.0 
Moderate Liver 10 47.9 23 .9-160.0 7 7.0 §.1-11.3 
Kidney c 45.9 34.3- 56.7 7 17.5 10.1-25.4 
Muscle 4 | 439.0 | 366.0-562.0 4 14.0 11.5-15.9 
Blood 6 12.6 4.7- 29.4 5 1.3 0.2- 3.8 
Severe Liver 7 48.7 33.6-104.0 6 5.9 4.4- 6.9 
Kidney 5 41.8 33.0- 59.0 6 19.2 14.7-28.2 
Muscle 5 277.0 225.0-318.0 6 17.6 13.5-27.1 
Blood 5 6.3 4.7- 9.9 6 0.8 0.3- 1.4 

















was not histological evidence of altered structure, and while the animals 
were still gaining weight. The increased concentration of creatine in the 
blood would be expected as a matter of transport. 

Muscle creatine in the moderate stage differed little from that in the 
incipient stage. In the severe stage, it declined to less than half the fig- 
ure found in the control animals. Liver, kidney, and blood creatine 
values remained high throughout, although there was a slight decrease 
from the elevated values in the incipient stage. When the data from all 
the experimental animals were grouped together and examined statisti- 
cally,® the ¢ value for differences between creatine content of control and 
of experimental tissues was highly significant at the 0.5 per cent level. 
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In all three stages, the glycocyamine content of liver, blood, and muscle plus t 
differed little from that of the controls. At the | per cent level the figures = marka 
had no statistical significance. In the incipient stage, kidney glycocy- appea: 


amine declined slightly and remained at this lower level, but this also was |  |iyer. 
not significant. Fro: 
of the 
DISCUSSION 
It is surprising that the most extensive loss of creatine by muscle tissue 

of dystrophic rabbits occurs before any structural alterations are evident. 1. Pay 
The marked increase (5-fold) in liver creatine may be interpreted as in- | 2. Goe 
dicating an increased rate of synthesis. Because of the creatinuria, the 3 Kn 
: : : ; : 4. Mo 
increase (3-fold) in creatine content of the kidney cortex might be an 5. Ma 
artifact, but a simple calculation shows that the amount of urine in glom- —_¢._ Bo; 
eruli and tubules at any one time is not sufficient to account for this 7. Bor 
increase. Perhaps there is some storage in the kidney cells, as Borsook 8. Hei 
and Dubnoff (7) have suggested, and the same may be true of the liver. } _% BO 
: ; : ; 10. Gos 

Both organs might temporarily store some of the creatine being released i. Hu 
from muscle. The possibility that the kidney cells of the rabbit may 49. yo 
also be able to methylate glycocyamine, in dystrophy if not normally, 13. Em 
deserves further study by the more specific methods now available. 14, Ba 
Since glycocyamine remains fairly constant (except for a slight decrease 15. Ma 

: : : ae : 16. Sin 
in the kidney) in the face of large variations in the levels of tissue crea- Sin 


tine, there may be a series of balanced reactions, such that the amount of 
glycocyamine formed is always adequate for the needed production of 
creatine, but is never in excess. If the source of the glycocyamine is ar- 
ginine and glycine, a study of the changes in these two amino acids and in 
methionine during the development of dystrophy might be promising. 

These considerations leave the problem of creatinuria in dystrophy un- 
solved and provide no immediate explanation for the loss of creatine from 
muscle tissue in the absence of vitamin E. 


SUMMARY 


A study has been made of the excretion of creatine and glycocyamine 
and of their concentration in liver, kidney, muscle, and blood during the 
progressive development of the paralysis produced in young rabbits on a 
diet deficient in vitamin E. 

Creatinuria and the loss of creatine from muscle tissue precede the ex- 
ternal signs of paralysis and any observable histological changes. Most 
of the ultimate loss of creatine occurs before evidences of tissue damage 
appear. 

Simultaneously, the amounts of creatine in liver, kidney, and blood in- 
crease; the liver contains 5 times that of control animals on the same diet 
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‘le plus tocopherol; kidney and blood, 4 times. Glycocyamine undergoes re- 
es markably small alterations; its synthesis, if confined to the kidney, 
y- appears to be governed by the rate at which creatine is being made in the 
as | liver. 
From these observations several suggestions emerge for further study 
of the problem of creatinuria in muscular dystrophy. 


. Borsook, H., and Dubnoff, J. W., J. Biol. Chem., 134, 635 (1940) ; 138, 389 (1941). 
ok . Heinrich, M. R., and Mattill, H. A., J. Biol. Chem., 178, 911 (1949). 
er. | 9. Borsook, H., and Dubnoff, J. W., J. Biol. Chem., 168, 493 (1947). 
“a 10. Goettsch, M., Lonstein, J., and Hutchinson, J. J., J. Biol. Chem., 128, 9 (1939). 
‘ec 11. Hummel, J. P., J. Biol. Chem., 172, 421 (1948). 
ay 12. Houchin, O. B., and Mattill, H. A., J. Biol. Chem., 146, 301 (1942). 
ly, 18. Ennor, A. H., and Stocken, L. A., Biochem. J., 42, 557 (1948). 
14. Barritt, M. M., J. Path. and Bact., 42, 441 (1936). 
ase 15. MacPherson, H. T., Biochem. J., 36, 59 (1942). 
; 16. Sims, E. A. H., and Seldin, D. W., Am. J. Physiol., 157, 14 (1949). 


we 17. Sims, E. A. H., Am. J. Physiol., 157, 404 (1949). 
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RESPIRATION AND GLYCOLYSIS OF RABBIT MUSCLE 
IN VITAMIN E DEFICIENCY* 


By J. P. HUMMEL anv ROBERT S. MELVILLE 


(From the Department of Biochemistry, State University of Iowa, College of Medicine, 
Iowa City, Iowa) 


(Received for publication, March 5, 1951) 


Accompanying the paralysis produced by deprivation of vitamin E, the 
respiration of skeletal muscle is significantly accelerated. The activity 
of some tissue enzymes has also been shown to be altered, but none of 
these observations has as yet provided any basis for interpreting the phys- 
iological réle of a-tocopherol. 

Although the excessive rate of respiration of muscle from dystrophic 
animals has been repeatedly demonstrated (1-3), no studies seem to have 
been made of the respiratory quotient or the rate of anaerobic glycolysis 
in such muscle. The purpose of this investigation was to ascertain which 
substrates, if any, are burned preferentially, and whether the accelerated 
respiration is accompanied by increased anaerobic glycolysis. 


EXPERIMENTAL 


The same experimental animals were used in this and in the preceding 
study (4), and the basis for judging the degree of dystrophy was the same. 
After blood and liver specimens had been taken for creatine and glycocy- 
amine analyses, the entire left and right psoas muscles were quickly re- 
moved and placed in cold Ringer’s phosphate solution. The psoas was 
chosen because the long parallel fibers are almost free of connective tissue 
and are therefore particularly suitable for the preparation of strips. The 
tissue, constantly bathed in cold Ringer’s phosphate, was dissected with 
corneal scissors into strips approximately 5 cm. long and 0.5 mm. in di- 
ameter. The collected strips were drained and washed with fresh Ringer’s 
phosphate. 

Suitable amounts of the muscle strips (approximately 300 mg. for res- 
piration and 100 mg. for glycolysis experiments) were blotted dry on filter 


' paper, weighed, and placed in chilled manometric vessels containing the 


proper medium. All vessels were equilibrated for 10 minutes at 37° be- 
fore the manometric readings were begun. The time elapsed between 
the removal of the muscle and the first manometer readings was about 75 
minutes. 


* Supported in part by a grant from The Procter and Gamble Company, Cincin- 
nati, Ohio. 
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Respiration Experiments—Dixon-Keilin vessels were used, containing 2 suffers 
ml. of Krebs-Ringer phosphate solution with or without 100 mg. per cent tegrit; 
of glucose. The side arm contained 0.2 ml. of 4 N H,SO,. The center tion 1 
well contained a glass plunger and a filter paper roll. The stop-cock well norm: 
was filled with 2 nN NaOH and kept closed. points 

Immediately following the first manometer reading, the acid was tipped The 
in from the side arm of one of the vessels, liberating the initially bound of dy 
CO,. After this reading was taken, the stop-cock of the center well was earlie 
opened to the alkali. Following CO, absorption, the manometer was tinue: 
again read, giving the correction for oxygen uptake. The tissue in the | phy. 
remaining flasks was allowed to respire for 60 minutes. The acid was 
then tipped in and the liberated CO. was measured as before. The CO, : 
was then absorbed by opening the center well to the alkali. The differ- _— 
ence between the corrected initial reading and the final reading after ab- — 
sorption of alkali represented the oxygen uptake. 

After each experiment, the tissue samples were rinsed in distilled water 








) Conc 
- and dried to constant weight at 105°. Each determination was carried 
out in triplicate. 

Glycolysis Experiments—Standard Warburg vessels were used contain- Norm 
ing 3 ml. of Krebs-Ringer bicarbonate solution, with or without 100 mg. Incip 
per cent glucose. After being attached in the bath, the flasks and manom- on 
eters were flushed for 7 minutes with a vigorous stream of carbon dioxide 
(5 per cent)-nitrogen (95 per cent) mixture which had passed over hot cop- “9 
per wire. The evolution of CO. was measured for a period of 30 minutes pared 
after equilibration. The tissues were then washed and dried as before. | Kreb 
These determinations were also carried out in triplicate. an 

the p 
RESULTS AND DISCUSSION oon 


The data support the view that metabolic changes appear well in ad- ‘ 
‘ ‘ : : . . } phic 

vance of the morphological degeneration during the course of avitaminosis Th 
E. The oxygen uptake was abnormally rapid during the incipient stage 4 


when the animals were still gaining weight. These results recall those of aed 
Friedman and Mattill (5), who showed that isolated gastrocnemius strips M 
from rats in a predystrophic condition exhibited an excessive rate of oxy- ee 
gen consumption. When the dystrophic symptoms became severe, the © tH 
oxygen consumption increased to 2 to 3 times the normal. with 
During the preparation of the muscle strips, it was noted that moder- (50 
ately and severely dystrophic muscle was more readily dissected than nor- (250 
mal muscle, and of course appreciably less contractile. Although the T 
increased rate of respiration of dystrophic muscle is usually considered to — 
be true acceleration of metabolism, it could conceivably be an artifact due the 
to the smaller amount of cellular damage produced as compared with that effes 
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suffered by normal tissue during dissection. Disruption of cellular in- 
tegrity of muscle by mincing or homogenizing lowers the rate of respira- 
tion markedly. It also abolishes the differences between the Qo, of 
normal and of dystrophic muscle (6). A decision between these two 
points of view is difficult from the evidence at hand (Table I). 

The respiratory quotient was not significantly altered during the course 
of dystrophy until severe muscle degeneration was observed. In the 
earlier stages it was approximately 0.9, suggesting that carbohydrate con- 
tinues to be the principal foodstuff burned in incipient and mild dystro- 
phy. The lowered respiratory quotient of muscle from severely dystro- 


TABLE I 


Respiration, Respiratory Quotient, and Anaerobic Glycolysis of Muscle Strips from 
Rabbits in Various Stages of Dystrophy* 





























Qos R.Q. fd 
Condition | No. of 
animals 
No glucose Glucose med Glucose BP oct Glucose 
Normal....| 10 | 1.10 (0.50-1.70) | 1.11 (0.49-1.88) | 0.92 | 0.91 | 6.70 | 6.44 
Incipient...; 4 2.03 (1.59-2.37) 0.92 | 6.33 | 6.33 
Mild....... 5 | 1.86 (1.75-2.12) | 1.86 (1.74-1.94) | 0.94 | 0.95 | 7.89 | 9.00 
Severe.....| 4 | 2.91 (2.37-3.48) | 2.69 (2.30-2.90) | 0.86 | 0.80 | 7.71 | 9.81 








* Krebs-Ringer phosphate solution used in the respiration experiments was pre- 
pared by mixing 12 parts of 0.154 m phosphate buffer, pH 7.4, with 100 parts of cold 
Krebs-Ringer solution and gassing the mixture with oxygen for 10 minutes. The 
Krebs-Ringer bicarbonate solution used in the glycolysis experiments was similarly 
prepared, except that 21 parts of 0.154 m sodium bicarbonate were added in place of 
the phosphate buffer. This solution was gassed with COz2 (5 per cent)-Nz (95 per 
cent) for 15 minutes. 


phic rabbits is probably caused by fasting of the almost paralyzed animals. 
The presence of glucose in the medium affected neither the oxygen uptake 
nor the respiratory quotient appreciably. 

Muscle from moderately and severely dystrophic rabbits showed a 
greater rate of glycolysis than muscle from normal animals or from those 
in the incipient condition, but only if glucose was added to the medium; 
without glucose the differences were small. The increase in glycolysis 
(50 per cent) was proportionately less than the increase in respiration 
(250 per cent) in the same preparations. 

These data would seem to indicate that vitamin E deficiency funda- 
mentally affects the oxidative metabolism of the muscle; the changes in 
the respiratory quotient and in the rate of glycolysis may be secondary 
effects of cellular degeneration. Unfortunately, no information was ob- 
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tained on possible alterations in the rate of aerobic glycolysis. A study 
of the Pasteur reaction of dystrophic muscle may possibly bear upon the 
nature of the metabolic disturbance in avitaminosis E. 


SUMMARY 


Skeletal muscle strips from rabbits on a vitamin E-deficient diet re- 
spired at an abnormally rapid rate even before symptoms of muscle 
dystrophy were noted. The rate of oxygen uptake increased as muscular 
dystrophy progressed. 

The respiratory quotient of skeletal muscle was not altered during the 
course of vitamin E deficiency until the animals became moribund. 

The rate of glycolysis remained normal until symptoms of dystrophy 
became evident, after which glycolysis was increased. 
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STUDIES ON FRUCTOSE-1-PHOSPHATE WITH RAT LIVER 
FRUCTOKINASE* 


By ALFRED STAUBf anp CARL S. VESTLING 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana, Illinois) 


(Received for publication, February 13, 1951) 


We have recently reported studies on the aerobic fructokinase activity 
of whole rat liver homogenates which were fortified with adenosinetri- 
phosphate (ATP), inorganic phosphate, MgCl, and glutamate or a-keto- 
glutarate (1). Preliminary reports of liver fructokinase activity had ap- 
peared some time ago (2-4), and recently Slein, Cori, and Cori (5) have 
reported studies on yeast and animal hexokinase activity which indicate 
that the primary fructose phosphorylation product in liver is fructose- 
1-phosphate. Leuthardt and Testa (6) have also reported experiments 
on rat liver fructokinase. Our experiments on fructose phosphorylation 
had indicated that fructose-6-phosphate was not the primary phosphory- 
lation product. 

The crude fructokinase system used in our work was rather unstable 
and lost most of its activity within 16 hours. The prospect for purifica- 
tion of the enzyme was not bright until the use of an acetone powder, to 
be described in this report, led to a stabilization of activity. Two purifi- 
cation stages, which included a fractional heat coagulation and a freeze- 
thawing procedure, have recently made it possible to incubate fructose 
with enzyme in the presence of ATP, phosphate, and Mgt on a reason- 
ably large scale so that the phosphorylation product can be isolated in 
about 70 per cent pure form. In such a system the fructose disappear- 
ance was proportional to the added ATP, indicating that a number of 
other liver enzymes had been removed. 


EXPERIMENTAL 
Preparation of Acetone Powder Extracts 


- The following adaptation of an ‘‘acetone powder” process led to a fruc- 
tokinase preparation which showed about 60 per cent of the activity of 
a comparable amount of fresh whole homogenate. 

Adult, fasted (24 to 36 hours), white rats of the University of Illinois 
* The authors wish to express their appreciation to Eli Lilly and Company, Indi- 


anapolis, for generous research grants in support of this work. 
+ Present address, Lilly Research Laboratories, Indianapolis, Indiana. 
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colony were decapitated and exsanguinated and the livers placed on ice. 2 min 
The cold liver was blotted with filter paper and freed of external blood the a 
clots and connective tissue. Then 5 to 10 gm. amounts were homogenized a bat 
for 45 seconds in 30 ml. of ice-cold acetone per gm. of liver in a glass ho- The 
mogenizer and the acetone was removed as quickly as possible by suction the fi 
filtration. The filter cake was thoroughly broken up immediately and addec 
dried under a vacuum over P,O;. In cases in which the Waring blendor to ea 


was used for this step, frequent failures to obtain active preparations were The © 
noted. The vacuum-dried liver powder is stable at —11° for at least from 
14 days and represents about 25 per cent of the wet liver weight. The | Th 
intact liver can be stored at 0° for 24 hours without serious loss of activity. tion ¢ 
The extraction of the dry liver powder was accomplished as follows: weigh 
To each gm. of powder were added 20 ml. of ice-cold potassium phosphate above 
Tass I om 


Composition of ‘‘Reaction Mizxtures’’ for Analyses of Fructose Disappearance and for 
Isolation of Fructose-1-phosphate 

















ss He 

Component iumaase \roterioans | om 

- | from 

Potassium phosphate, 0.308 m, pH 7.6, ml.........; 2 18.5 ina 

MAG lg OMG MA soos tasdeoeadeus oo nde bees 2 18.5 ina 

Potassium glutamate, 1 Mm, pH 7.6, ml............. 2 (80 1 

TSENG 00S, ey ae er | 770 bath 
EN eo ce heli spike nncens 127 1000 } 

oa EN hie ow ced eke dSRR e MeRKO aS 8 by ¢ 

Enzyme preparation (3 mg. protein per ml.), ml... 46 | yelle 

= one 


buffer (0.154 mM; pH 7.6). The material was allowed to stand at 0° for vege 
3 hour and then centrifuged at 0° and 500 X g for 10 minutes. The resi- 4° ( 
due was discarded, and the clear supernatant extract was analyzed for 4 
fructokinase activity. 


In terms of fructose uptake such extracts showed an activity corres- T 
ponding to 1.9 mg. of fructose disappearance (range, 1.5 to 2.3 mg.) per the 
ml. (Total protein content = 21 mg. per ml.) The fructose disappear- “— 
ance was determined with the following modification of the Nelson pro- — 
cedure previously described (7). A “reaction mixture” was prepared as ? the 
shown in Table I. 1.4 ml. of the reaction mixture, 1.0 ml. of 0.089 m fruc- “— 
tose, and 1.6 ml. of enzyme preparation were placed in a 10 ml. Erlen- — 
meyer flask. A large test-tube rack was modified to hold twelve such | abo 
flasks and suspended in a rectangular Warburg bath to provide efficient thay 
swirling of the flask contents. The samples were incubated at 37° for beir 
30 minutes. The control flasks contained 1 ml. of water in place of fruc- the 
tose, and in some cases ATP was omitted from the control flasks. Every — 
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2 minutes an experimental flask and a control flask were completed by 
the addition of enzyme and placed in the bath. During the incubation 
a battery of test-tubes, each containing 5 ml. of ZnSO, (7), was set up. 
The control tubes received 1 ml. of 0.011 m fructose. After incubation 
the flasks were removed and placed in an ice bath and 0.5 ml. of each was 
added to the appropriate ZnSO, tube. Then 5 ml. of Ba(OH):2 were added 
to each tube; the contents were mixed and filtered within a few minutes. 
The filtrates were subjected to the usual analysis for reducing power, 
from which the net fructose disappearance could be readily calculated. 

The total protein was determined semiquantitatively by heat coagula- 
tion of a known volume of enzyme solution, followed by centrifuging and 
weighing the dried coagulated proteins. The activity range indicated 
above represents 40 to 65 per cent of the activity of a corresponding fresh 
liver homogenate. 


Fractional Heat Coagulation 


Heat treatment of the extracts was carried out in attempts to find 
conditions which might facilitate the separation of inactive liver proteins 
from the enzyme. Portions of the extract (50 to 60 ml.) at 0° were placed 
in a 250 ml. Erlenmeyer flask and warmed with constant gentle shaking 
in a 70-72° water bath until the internal temperature had risen to 60° 
(80 to 105 seconds). Then the flask was cooled immediately in an ice 
bath. About 50 per cent of the proteins were coagulated and removed 
by centrifuging at 0° and 20,000 X g for 20 minutes. The resulting red- 
yellow solution retained about 90 per cent of its activity and showed in 
one case a protein concentration of 10 mg. per ml. This solution with- 
stood a 24 hour dialysis against distilled water and slowly lost activity at 
4° (30 per cent loss in 130 hours). 


Freeze-Thawing Procedure 


The next step was arrived at in the following way. About 175 ml. of 
the solution obtained from the procedures above were placed in a 250 ml. 
separatory funnel and stored overnight at —11°. The frozen contents 
were allowed to thaw at room temperature, and it was noted that most of 
the red color was confined to the bottom of the funnel. An apparent 
separation of components was achieved. The funnel and contents were 
carefully returned to the cold room and refrozen. After thawing again as 
above, about 5 per cent of the volume was drawn off. The freezing and 
thawing operation was repeated twice, about 5 per cent of the volume 
being separated each time. In this way a little more than 50 per cent of 
the proteins was removed, but some 90 per cent of the enzyme activity 
remained in the upper, less dense portions of the systems. One such prep- 
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aration showed a fructokinase activity corresponding to 1.6 mg. of fructose water ¢ 

disappearance per ml. (3 mg. of protein per ml.). loss of 
Attempts to fractionate this system further have encountered numerous ‘te W 

difficulties, but a sufficient purification stage had been reached for the anhydt 

large scale experiment to be described. The enzyme was active anaerobi- 

cally and in the absence of added fuel substance (glutamate) and was 

devoid of glucokinase activity. 


Isolation of Fructose-1-phosphate ah. 
For this experiment the reaction system shown in Table I was set up | Prey 
in a 500 ml. Erlenmeyer flask. A drop of toluene was added, and the | 995-9( 
system kept at 25-29° with slow swirling for 11 hours, at the end of which phospl 
time analysis indicated the disappearance of 313 mg. of fructose. Then was r 
trichloroacetic acid (TCA) was added at 0° to a final concentration of 6 | prepa 
per cent. After 5 minutes the proteins were centrifuged at low speed at Acic 
0°. The precipitate was washed with 15 ml. of 5 per cent TCA and cen- } Meyer 
trifuged and the supernatant liquid combined with the main supernatant _ the pr 
liquid. This solution was brought to pH 8.2 with 2 N NaOH and a slight | tionat 
precipitate discarded. Then 34 ml. of 25 per cent Ba(OAc)2 were added qo we 
(0.25 ml. of Ba(OAc)2 per mg. of P), and the system was cooled in ice for 
15 minutes and centrifuged for 15 minutes at 0° and 20,000 X g. 
Since this precipitate doubtless contained some soluble barium salts (8), 4 
it was dissolved in 35 ml. of 0.5 N HCl and 30 ml. of water were added. } 2.4 
0.5 ml. of 25 per cent Ba(OAc)2 was added, and the system neutralized to been ; 
pH 8.2 with 8.5 ml. of 2 N NaOH. After cooling for 15 minutes and cen- | 3, " 


trifuging at 20,000 X g, the supernatant fluid was added to the main sys- | _ preset 
tem. The precipitate at this point (2.7 gm.) was found not to contain — glucol 
appreciable amounts of fructose-1 ,6-diphosphate. 4, 


The main supernatant liquid was then adjusted to pH 8.2 and lyophil- , been 
ized to 120 ml. After centrifuging for 15 minutes at low speed, 1 gm. of partia 
a non-fructose-containing precipitate was discarded. 

To the main supernatant liquid were added 3 volumes of ethanol. 

After cooling in ice for 30 minutes, the precipitated barium salts were 1. Ve 
collected by centrifuging at low speed. The supernatant fluid which was | 
discarded contained the equivalent of 375 mg. of fructose. = 

The main precipitate was extracted with 6 volumes of water, and a ry K; 
small insoluble residue centrifuged at low speed. The residue was reex- 5. Sh 
tracted with one-half the volume of water used for the first extraction. | 6. Le 
The insoluble part after centrifugation showed a fructose content of about 7. N 
26 mg. and was discarded. The combined extracts (65 ml.) were treated : 
with 3 volumes of ethanol, chilled for 10 minutes, and centrifuged. The 49 1, 
supernatant liquid was discarded and the precipitate reextracted with  11.M 
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water as above. These operations were repeated three times with a total 
loss of about 125 mg. of Seliwanoff-positive material. The final precipi- 
tate was dried to constant weight im vacuo over P2O;. The weight of 
anhydrous barium salt was 500 mg., and its properties are given below. 


C.eH110>PBa (394.48). Calculated. P 7.84, Ba 34.8 
Found. 7.20; © 26 
Specific rotation, [a]> = —27.1° (1.38% aqueous) 


Tanko and Robison (9) give for the barium salt of fructose-1-phosphate 
(alge. = —39.0° (6.1 per cent aqueous). 

Preparation of the osazone led to the isolation of glucosazone, m.p. 
205-209° (with decomposition). The glucosazone showed a negligible 
phosphorus content (0.1 per cent P), and 96 per cent of the phosphorus 
was recovered in the mother and wash liquors from the osazone 
preparation. 

Acid hydrolysis of the compound according to Lohmann (10) (see also 
Meyerhof and Green (11)) indicated that approximately 70 per cent of 
the product was barium fructose-l-phosphate. Further attempts to frac- 
tionate the barium salt as described above did not meet with success, nor 
do we have information as to the nature of the 30 per cent impurity. 


SUMMARY 


1. A stable rat liver fructokinase preparation has been obtained. 

2. An estimated 6- to 10-fold purification of rat liver fructokinase has 
been accomplished, along with the removal of certain other liver enzymes. 

3. The partially purified fructokinase phosphorylates fructose in the 
presence of added ATP, Mg*+, and inorganic phosphate and is devoid of 
glucokinase activity. 

4, Crude barium fructose-1-phosphate (about 70 per cent pure) has 
been isolated as the principal phosphorylation product of fructose by 
partially purified rat liver fructokinase. 
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METABOLISM OF ACETYLMETHYLCARBINOL IN FILARIAE* 
By SOLL BERL anp ERNEST BUEDING 


(From the Department of Pharmacology, Western Reserve University, School of 
Medicine, Cleveland, Ohio) 


(Received for publication, January 20, 1951) 


In 1923 Neuberg and Rosenthal (1) discovered the enzymatic synthesis 
of acetylmethylearbinol (AMC, acetoin) by yeast extracts in the presence 
of acetaldehyde and pyruvate. The occurrence and formation of this 
compound have been demonstrated in certain bacteria (2-6), in vertebrate 
tissues (7-11), in normal human urine (12, 13), in mammalian blood (14, 
15), and in plants (8). It has been reported that the administration of 
acetoin increases the acetylation of p-aminobenzoic acid and of sulfon- 
amides (16, 17), and, according to Westerfeld e¢ al. (18, 19), acetoin is an 
intermediate in the metabolism of alcohol in man. 

In the course of a study concerned with the metabolism of a filarial 
nematode, Litomosoides carinii, it was found that about 20 per cent of the 
carbohydrate utilized aerobically could not be accounted for by the pro- 
duction of lactic and acetic acids, by polysaccharide synthesis, or by 
complete oxidation (20). Search for other products of carbohydrate 
metabolism resulted in the finding that the filariae form acetylmethyl- 
carbinol. Subsequently, some aspects of the metabolism of this com- 
pound by filariae were investigated. 


Methods and Materials 


The filariae were obtained, treated, and incubated as described previ- 
ously (20). The salt medium was similar to that used in the earlier 
studies (20) and will be referred to subsequently as “‘filarial salt medium.” 
Unless specified otherwise, the pH of the sodium phosphate buffer was 
7.6 and incubation of the worms was carried out at 37° in an atmosphere 
of air. Cell-free preparations of filariae were obtained with the aid of an 
all glass Potter-Elvehjem homogenizer, by using, per ml. of 0.1 m KCl, 
50 to 80 mg. of fresh worms or 5 to 6 mg. of a powder of lyophilized fila- 
riae. When stored in a desiccator at 2—4°, the ability of this powder to 
form AMC enzymatically from acetaldehyde and pyruvate remained con- 
stant for many months, while AMC production from acetaldehyde alone 
usually was diminished after 4 to 6 weeks. 


* This investigation was supported by a research grant from the Division of Re- 
search Grants and Fellowships, National Institutes of Health, United States Public 
Health Service. 
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Control values for added substrates and cofactors were determined 
either after simultaneous incubation without worms or worm homogenates, 
or by using the complete “‘initial’’ reaction mixture which was deprotein- 
ized immediately after addition of the homogenate. Precipitation of pro- 
teins was carried out according to Somogyi (21). Although the original 
procedure of Stotz (22) was used successfully for the determination of 
acetaldehyde, a slight modification was necessary when AMC was to be 
estimated, since the presence of manganese in the filtrate interfered with 
the method of Westerfeld (23) unless this metal was precipitated by the 
addition of the alkali 2 to 3 minutes prior to the addition of the zine sul- 
fate solution. 

When anaerobic utilization of acetaldehyde was measured, losses by 
volatilization during gassing were avoided by adding the substrate after 
saturation with nitrogen. With the exception of acetaldehyde, the com- 
plete reaction mixture was placed in the main compartment of a Warburg 
vessel which was then attached to the manometer. The side arm was} 
covered with a tightly fitting rubber cap through which a hypodermic 
needle was inserted as an air vent and which was removed after saturation 
of the system with nitrogen and reduction of the flow of gas. Then, the 
stop-cock of the manometer was closed and the solution containing acet- 
aldehyde was injected via the side arm by means of a syringe attached to 
a needle. 

Acetaldehyde (Eastman Kodak) was distilled immediately before each | 
experiment. Crystalline sodium pyruvate was prepared according to 
Peters (24). 

Preparation and Purification of Dimer of Acetylmethylcarbinol—Kling 
(25) has observed that incubation of AMC at 0° with a few granules of 
zinc results in the formation of dimeric acetoin, a white crystalline ma- 
terial melting at 94°. The dimer dissolves readily in water to reform the 
monomer. On melting it is reconverted to the monomer, which can then | 
be distilled at relatively low temperatures. 

Commercial acetoin was distilled under a stream of nitrogen at 60 mm. 
of Hg. The fraction distilling between 72-74.5° was collected, a few zinc 
granules were added, and the acetoin was placed in an ice bath and shaken 
vigorously at frequent intervals. A white crystalline precipitate formed 
which was filtered, washed with ether, and dried in vacuo at room tempera- 
ture. This crystalline material was rapidly heated and distilled under 
nitrogen. The distillate was treated again with zinc granules at 0°. 
White crystalline plates formed which melted at 97.5-98.5° in a sealed 
capillary glass tube. Repeated distillations and reformation of the dimer 
did not alter this melting point. The observed freezing point depression 
in aqueous solution showed that the solute was monomeric. 
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Preparation of (—)-Acetoin—Silverman and Werkman (26) have de- 
scribed an enzyme system in Aerobacter aerogenes which catalyzes the con- 
version of pyruvate to acetoin and COQ:. The reaction is optimal at pH 
5.6 to 6.0 and at 34-36°. This enzyme system was used for the biosyn- 
thesis of the (—)-acetylmethylearbinol. Of an acetone powder of A. 
aerogenes! (previously homogenized in a Waring blendor with 50 ml. of 
0.05 m sodium phosphate buffer, pH 5.6), 100 mg. were mixed with 10 gm. 
of sodium pyruvate, 5 X 107° m MnCh, and sufficient 0.05 m sodium phos- 
phate buffer (pH 5.6) to bring the total volume to 1000 ml. This mixture 
was incubated with constant shaking for 5 hours at 34.8°. At the end 
of each hour the pH was adjusted to approximately 5.6 with 4 n HCl. 
The proteins were precipitated with 800 ml. of 12.5 per cent ZnSO,-7H,O 
(in 0.3 N H.SO,) and 235 ml. of 3 N NaOH (8 ml. of the zine sulfate solu- 
tion were neutralized by 2.35 ml. of the NaOH solution). The precipitate 
was removed by centrifugation at 4000 r.p.m. (0°) and washed with water. 
The washings were added to the supernatant portion (final volume of the 
combined extracts 2000 ml.). After adjustment to pH 7.2, the solution 
was distilled to dryness under a stream of nitrogen (32-35°, 30 to 33 mm. 
of Hg). Concentration of the AMC present in the distillate was then 
carried out according to a modification of a method described by Discherl 
and Schdéllig (27). NaHSOs; (50 gm.) was added to the distillate and the 
solution was distilled to dryness under nitrogen (32 to 34 mm. of Hg). 
The residue was dissolved in 150 ml. of water and solid NaHCO; was 
added until no further effervescence occurred; the pH was then brought 
to 9.2 with 5 Nn NaOH. This solution was distilled under nitrogen (32 to 
34 mm. of Hg, 33-35°). The distillate contained 7.52 mg. of AMC per 
ml.;a = —1.20° (2 dm. tube). [a], = —80°. 

Owing to the possibility of partial racemization of the AMC during the 
concentration, a more concentrated enzyme mixture was prepared. This 
yielded a solution of acetoin, the concentration of which was sufficiently 
high for the direct determination of the optical rotation. The enzyme 
powder (50 mg.) was homogenized in 5 ml. of 0.05 m sodium phosphate 
buffer (pH 5.6). This was added to 0.5 gm. of sodium pyruvate and 0.2 
mg. of MnCl.-4H:0 in 0.05 m sodium phosphate buffer (pH 5.6); the total 
volume was 10 ml. Incubation, precipitation of the proteins, and dis- 
tillation were carried out in the same manner as for the previous prep- 
aration. Without any concentration the distillate contained 8.44 mg. of 
AMC per ml.; [a], = —82°. 


1 The organisms were cultured and grown according to Silverman and Werkman 
(26). We wish to express our appreciation to Elliot Juni for supplying us with a 
culture of A. aerogenes and his procedure (unpublished) for preparing the acetone 
powder. 
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In addition to the bisulfite method described above, the following pro- 
cedure was used. To 60 ml. of a solution containing 25 mg. of (—)-AMC 
({e], = 82°) an excess of hydroxylamine hydrochloride (previously 
neutralized to pH 7.0 with 5 Nn NaOH) was added. This resulted in the 
formation of the non-volatile oxime of acetoin. The solution was evap- 
orated to dryness at room temperature in vacuo; the residue was dissolved 
in 2 ml. of distilled water and the acetoin released by nitrous acid. The 
solution was treated with an excess of sodium nitrite and with 5.5 Nn HCl 
added in 0.05 ml. portions until the pH remained below 6 after vigorous 
shaking. The solution was then neutralized with 0.125 n NaOH and 
distilled in vacuo at room temperature. The distillate was collected in a 
vessel submerged in a dry ice-acetone bath. In this procedure 45 to 50 
per cent of the acetoin was recovered, with a reduction of the optical ro- 
tation from —82° to —75.5°. With the bisulfite method a similar degree 
of racemization occurred and a lower recovery was obtained. 

Preparation of 2,3-Dimethyl-5 ,6-benzoquinoxaline—Under conditions to 
be described in the following section of this paper, the filariae produced a 
carbonyl compound. Exploratory tests indicated that this material was 
AMC, a compound which can be oxidized readily and quantitatively to 
diacetyl by FeCl; in acid solution. Since the absolute amount of the 
carbonyl compound produced was small and since the number of available 
parasites was very limited, a derivative of large molecular weight was 
sought which would crystallize easily. Hinsberg (28) had allowed glyoxal 
to react with 1,2-naphthalenediamine to form crystalline 5,6-benzoquin- 
oxaline. It was to be expected that under similar conditions diacetyl] 
should form 2 ,3-dimethyl-5 ,6-benzoquinoxaline. Addition of 1.5 ml. of 
an aqueous solution of 1 ,2-naphthalenediamine dihydrochloride? (3.2 per 
cent) to 8 mg. of diacetyl (b.p. 88-89°) dissolved in 1 ml. of water resulted 
in the formation of an amorphous precipitate. After crystallization from 
50 per cent ethanol, white needles were obtained which melted at 101—102°; | 
repeated recrystallizations did not alter the melting point. Elementary 
analysis (see the following section) indicated that this compound was 
2 ,3-dimethyl-5 , 6-benzoquinoxaline. 


Results 


Identification of Acetylmethylcarbinol Produced by Filariae—The filariae 
were incubated for 3 hours in filarial salt medium containing 0.002 m 


2 Prepared according to Bamberger and Schieffelin (29) and purified by sublima- 
tion in vacuo (105°, 0.01 to 0.03 mm. of Hg); m.p. 95-96°. The reagent was then 
dissolved in absolute alcohol and the solution was saturated with gaseous HCl. The 
dihydrochloride, which was precipitated, was washed with absolute alcohol and 
dried in vacuo at room temperature. 
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glucose. To the medium was then added a solution of 2 ,4-dinitrophenyl- 
hydrazine (0.1 per cent in 2 N HCl) and the mixture was allowed to stand 
at room temperature for 10 minutes. When 5 n NaOH was added, a 
brick-red color was observed. With 0.3 per cent NaOH in 96 per cent 
ethanol a violet color was obtained, a reaction typical of a dicarbonyl com- 
pound (30). Glucose, under similar conditions, gave no such color re- 
action. The filariae produced a much greater amount of bisulfite-binding 
substances than could be accounted for by the presence of a-keto acids in 
the medium. The Voges-Proskauer reaction (31) was faintly positive, 
indicating the possible presence of diacetyl or AMC. These substances 
were determined by the methods of White, Krampitz, and Werkman (32) 
and of Westerfeld (23). Diacetyl could not be detected, while a com- 
pound with the chromogenic properties of acetoin was present in relatively 
large amounts. Possibly, the filariae had produced a 8-keto acid which 
was decarboxylated under the conditions of the analysis. However, no 
6-keto acids could be detected by the aniline citrate procedure of Edson 
(33) in media in which filariae had been incubated aerobically in the 
presence of glucose for 3 hours. In addition, the possibility of the pro- 
duction by the filariae of an acid which was converted to diacetyl by heat- 
ing in an acid medium with ferric chloride was tested. One aliquot of 
the above medium was adjusted to pH 3 and another to pH 8, and each 
was extracted with butanol saturated with water. An equal amount of 
AMC from each of the two solutions was extracted by butanol. Then, 
the butanol extract was reextracted with aqueous buffers at pH 3 and 8, 
respectively. Again equal amounts of this substance were reextracted. 
If the carbonyl compound had been an acid, it would have been more 
soluble in butanol at the lower pH. 

On the basis of these observations it appeared probable that the filariae 
had produced AMC. In order to establish this in a more definite manner 
6.17 gm. of filariae, obtained by dissection of 76 cotton rats, were placed 
in 200 ml. of filarial salt medium (pH 7.6) containing glucose (1 per cent). 
Incubation was carried out for 3 hours at 38°. The proteins were pre- 
cipitated according to Somogyi (34) with 10 ml. each of the Ba(OH)s and 
ZnSO, solutions. The precipitate was removed by centrifugation and 
washed once with about 100 ml. of distilled water. The combined super- 
natant fluids contained 7.7 mg. of AMC and no measurable quantity of 
diacetyl. To this solution was added enough 10 N H2SOQ, and 50 per cent 
FeCl; to yield a final concentration of 1 N H,SO, and 10 per cent FeCl. 
This mixture was refluxed for 15 minutes on a boiling water bath. The 
volume of the solution containing the volatile substance formed by this 
procedure was reduced to 1 ml. by repeated distillations. With each 
distillation a 5-fold concentration was achieved. Treatment of this con- 
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centrate with an aqueous solution of 1,2-naphthalenediamine dihydro- 
chloride (1.4 ml., 3.2 per cent) yielded, after one crystallization from 50 
per cent ethanol, white needles which melted at 101-102°. This melting 
point remained unchanged after several recrystallizations or after mixing 
this compound with the benzoquinoxaline derivative of diacetyl. 


Analysis*>—Ci,4N2Hi2 (samples dried in vacuo at room temperature) 


Calculated. C 80.74, H 5.81, N 13.45 
Found, derivative of diacetyl. “© 80.66, * 5.74, “ 13.46 


ES ae ‘© compound produced by filariae. ‘ 80.77, ‘* 5.95, ** 13.06 


The infra-red transmission spectra of the two derivatives (Fig. 1) also | 


confirmed their identity. This identity establishes the parent compound 
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Fig. 1. Infra-red transmission curves of the 2,3-dimethyl,5,6-benzoquinoxaline 
derivatives prepared from diacetyl (Curve A) and of the carbonyl compound isolated 
from the filarial medium (Curve B). The measurements were made on C&:; solutions 
with a Perkin-Elmer infra-red spectrometer (model 12-07). 


as diacetyl, which was obtained after an oxidative procedure. Since 
neither diacetyl nor an acid which conceivably could give rise to diacetyl 
under these conditions was present in the untreated medium, the product 
formed by the filariae must have been acetylmethylearbinol. 

The carbonyl compound found in the filarial medium could have been 
produced by contaminating microorganisms because several species of 
bacteria are known to produce AMC. This possibility was excluded as 
follows: The worms were incubated for 1 hour in glucose-containing filarial 
salt medium and then were removed from the solution. The latter was 
then incubated for another hour at 38°. If the product formed was the 
result of bacterial metabolism, one would expect that its concentration 
would be considerably increased during the 2nd hour of incubation. How- 
ever, the concentration of AMC remained unchanged. Furthermore, 


3 The microanalyses were carried out by Dr. E. W. D. Huffman, Denver, Colorado. 
4 Kindly determined by Dr. Hans Hirschmann. 
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dro- when the filariae were removed aseptically from the pleural cavity of cot- 
2 50 ton rats, cultures of the intact and of the ground worms in standard media 
‘ting | (as specified by the National Institutes of Health (35)) revealed no bac- 
xing | terial contamination. Additional evidence that the formation of AMC 

was due to the metabolic activities of the worms rather than to contam- 






































TABLE I 
45 Production of AMC by Filariae 
a 3 ml. of filarial salt medium; glucose 0.02 m. 
Incubation period AMC formed 
also i min. pau* 
ee 0- 60 3.52 
60-120 3.64 
120-180 3.41 
* Per gm. of filariae (wet weight). 
TaBLeE II 
Effect of Glucose, Pyruvate, and Acetaldehyde on Formation of AMC by 
Filariae 
3 ml. of filarial salt medium; incubation period 3 hours. 
Molar concentration of 
Experiment No.|-—— AMC produced 
Glucose Sodium pyruvate Acetaldehyde 
line } uM* 
ited 1 0 
ions 2X 107? 3.2 
2X 10-3 3.0 
2X 10°? 2.9 
nce 2X 10°? 2X 10°? 3.1 
styl 2 2X 10°3 3.3 
wet | 4X 10-3 7.0 
2X 10-3 4X 10-3 34.0 
cen * Per hour and per gm. of filariae (wet weight). 
of 
as inating bacteria was supplied by the observation that its production re- 
rial mained constant over a period of several hours (Table I). 
vas Production of Acetoin by Filariae—Representative results as to the effect - 
the of glucose, pyruvate, and acetaldehyde on the production of AMC by 
‘on filariae are presented in Table II. In the absence of substrate no measur- 
We able formation of action was observed. Production of AMC was the 


re, | same when either glucose or pyruvate was added to the medium. The 
presence of both these substances had no additive effect. ‘Twice as much 


- acetylmethylearbinol was formed with acetaldehyde as the substrate as 
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with glucose or pyruvate. When both acetaldehyde and pyruvate were! acetate 
present in the medium, acetoin formation was about 5 times greater than of this 
with similar concentrations of acetaldehyde alone and about 10 times 
greater than with pyruvate alone. The production of acetylmethylecar- | 
binol in the presence of both acetaldehyde and sodium pyruvate was 30 ion 
to 40 per cent greater between pH 5.6 and 6.1 than at higher pH ranges. —_centrati 
AMC formation in the presence of acetaldehyde, pyruvate, or both  antabus 
these substrates was the same under aerobic as under anaerobic conditions, ~ 
On the other hand, no production of AMC was observed anaerobically in 
the presence of glucose. This may be due to the fact that under anaerobic 
conditions filariae convert pyruvate derived from glucose more rapidly to 
lactate and acetate than aerobically (20). Thus, in the latter case the 
concentration of pyruvate available for AMC production is higher. Acetalc 
An attempt was made to correlate the utilization of acetaldehyde with 
the formation of AMC by the filariae. Although production of acetoin Pyruvs 
was increased with higher concentrations of acetaldehyde, a relatively low } - 
concentration of substrate was used in order to insure a greater accuracy Acetal: 
in the determination of the acetaldehyde removed from the medium by 
the filariae. Aerobically almost 3 moles of acetaldehyde were utilized 
per mole of acetylmethylcarbinol formed. If acetaldehyde were metabo- 
lized exclusively to acetoin, no more than 2 moles of acetaldehyde would 
disappear for each mole of acetoin formed. Therefore, it appears that 
acetaldehyde can be utilized by the filariae along pathways other than the ) as 
formation of AMC, e.g. oxidation to acetic acid. It has been shown that 
antabuse (tetraethylthiuram disulfide) inhibits the oxidation of acetalde- | 
hyde in vitro (36) and in vivo (37). If oxidation of acetaldehyde did occur) ~ 
in filariae, inhibition of this reaction would result in a decrease of the —— 
ratio of acetaldehyde utilized to acetoin formed. In the presence of anta- 
buse the ratio of acetaldehyde utilized to acetoin formed was decreased 
and approached a value of 2 (Table III). The fact that this ratio 
is slightly above 2 could be explained by the utilization of acetoin by the 
filariae. That such a process occurs will be shown subsequently. Anta- 
buse consistently increased the production of acetylmethylearbinol in the 
presence of acetaldehyde (Table IV). These observations indicate that 
inhibition of the oxidation of acetaldehyde results in increased availability } _ 
~ of this substrate for the production of AMC. "4 
In the presence of acetaldehyde and pyruvate, the ratio of acetaldehyde i 
utilized to acetoin formed approached 1 (Table III). Therefore, it ap- | a 
pears that under these conditions 1 mole of acetaldehyde condenses with | ne 
1 mole of pyruvate to produce 1 mole of AMC. This ratio also ap- 
proached 1 in the presence of fluoroacetate when acetaldehyde alone was afte 
used as the substrate. It has been shown (20) that in filarige fluoro: | mee 
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acetate inhibits the aerobic utilization of pyruvate. Since in the presence 
of this inhibitor pyruvate accumulates, this substance becomes available 


TaB_eE III 
Utilization of Acetaldehyde by Filariae 
1.0 ml. of filarial salt medium (pH 6.0); incubation period 2 hours. Molar con- 
centration of additions, acetaldehyde, 2.4 X 107%; sodium pyruvate, 3.6 X 1073; 
antabuse, 1.7 X 10-4; sodium fluoroacetate, 4 X 10-3. Atmosphere air. 





Moles of 


| Acetaldehyde AMC acetaldehyde 


Substrate Inhibitor utilized per 





utilized produced | ole of AMC 
formed 
Acetaldehyde....................] | 6.7 2.4 2.8 
ME NOR eee eas ay | Antabuse | 6.75 3.0 2.2 
Bhs WR Ned ois reo Leo aya | Fluoroacetate 13.5 15.9 0.85 
Py eUates sae oe aot Uk ey eee | 3.2 
CN reat eA a | Fluoroacetate | 5.5 
Acetaldehyde + pyruvate.......| | §3.5 58.6 0.91 
os + s ..-.+..| Antabuse | 62.0 62.5 


0.99 





* Per gm. of filariae (wet weight) per hour. 


TaBLe IV 
Effect of Antabuse on AMC Production 


1.0 ml. of filarial salt medium (pH 6.0); incubation period 2 hours; atmosphere 
air. 





Molar concentration of | 
aaa a _____.| AMC produced 
Acetaldehyde Sodium pyruvate | Antabuse 











um* 

6 xX 10-4 | | 1.37 
6 x 10-4 | | 1.7 X 10-4 2.96 
3.4 X 1073 | 6.5 
3.4 X 10°73 1.7 X 10-4 8.8 
3.3 X 10-3 4.6 

3.3 X 10-3 1.7 X 10-4 4.6 

3.4 X 10-3 3.3 X 10-8 69.8 
3.4 X 10-3 3.3 78.0 


x 10-3 | 1.7 X 10-4 





* Per gm. of filariae (wet weight) per hour. 


for condensation with acetaldehyde and under these conditions a 6-fold 
increase in the formation of acetoin is observed (Table III). 

The optical rotation of the AMC formed by filariae was determined 
after incubation of 1.77 gm. of worms for 5 hours in 60 ml. of filarial salt 
medium (pH 6.1) containing 20 mg. of sodium pyruvate and 10 mg. of 
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acetaldehyde. At the end of each hour similar amounts of pyruvate and) worm 
of acetaldehyde were added and the pH was adjusted to 6.1. Following! isome 
incubation the worms were removed and 0.35 gm. of 5 ,5-dimethyl. | An 
1,3-cyclohexanedione (dimedon) was added to fix the acetaldehyde in the} There 
medium. The solution was distilled in vacuo at room temperature and| the p 
the distillate collected in a dry ice-acetone trap. The first 7 ml. of distil-' not ¢ 
late were discarded to insure complete removal of acetaldehyde. The | creas 
AMC present in the remaining distillate was concentrated by the hy- Kr 
droxylamine-nitrous acid method described above. [a], = —79°. gena' 

Utilization of AMC by Filariae—An attempt was made to determine} hexa 
whether AMC formed by filariae is a metabolic end-product or whether’ ane), 

















, I react 
20} ___-MEROBIC__ 
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oe ~BAMC ((p:-82) 
| 2 3 4 
CONCENTRATION OF AMC } 
Fig. 2. Utilization of acetoin by filariae. Abscissa, initial millimolar concen- 
tration of AMC; ordinate, micromoles of AMC utilized per gm. of filariae (fresh a= 
weight) per hour. Solid lines, racemic AMC; broken lines, (—)-AMC. . 


it is utilized by these organisms. It was found that the latter was the inh 
case. When racemic acetoin was added to the media, its rate of utiliza- V, 
tion was considerably enhanced by increasing concentrations (Fig. 2). fila 
Aerobically, utilization of this compound was greater (2}- to 3-fold) than 
anaerobically at similar concentrations. With concentrations of 6 « 107 Pr 





» 


m and above, the aerobic and anaerobic utilization of (—)-acetoin ({a], = wh 
—82°) was considerably greater than that of racemic acetoin. Similarly, pre 
at low concentrations a greater proportion of the levorotatory form was } &e 
utilized aerobically (Fig. 2). These observations appeared to indicate | VI 
that the filariae utilize only (—)-acetoin. However, incubation of a large | = 
mass of filariae in a small volume of medium containing a low concentra- | ys 
tion of racemic AMC resulted in the utilization of more than 50 per cent m 
of the added AMC. For example, after incubation of 232 mg. of filariae | Ca 


in 3 ml. of a medium containing racemic AMC (2.5 X 107‘ m), 61 per cent 
of the compound was removed in 3 hours. It appears, therefore, that the 
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worms utilize (+)-acetoin, although at a much slower rate than the (—) 
isomer. 

Antabuse had no effect on the rate of utilization of AMC (Table V). 
Therefore, the increase in the amount of AMC in the medium in 
the presence of acetaldehyde produced by this inhibitor (Table IV) was 
not due to a reduction in the rate of utilization of acetoin but to an in- 
creased formation of AMC by filariae. 

Krampitz and Kerr® have observed that following incubation of homo- 
genates of a tapeworm, Raillietina cesticillus, with an anthelmintic drug, 
hexachlorophene (2 ,2’-dihydroxy-3 ,3’ ,5,5’ ,6 ,6’-hexachlorodiphenylmeth- 
ane), a@ compound accumulates which gives a positive Voges-Proskauer 
reaction (31). This indicates the possibility that hexachlorophene may 


TABLE V 
Effect of Antabuse and of Hexachlorophene on AMC Utilization by Filariae 


1 ml. of filarial salt medium (pH 6.78); incubation period 2 hours. Initial concen- 
tration of (—)-AMC 1.7 X 10-3 Mm. 





Molar concentration of 








Antabuse | Hexachlorophene 
| | pu* 
| 12.5 
Le < 10-* | | 12.3 
| 2.7 X 10-4 3.6 
2.7 X 10-5 | 5.0 
1 X 10-5 | 7.8 


* Per gm. of filariae (wet weight) per hour. 





inhibit the removal of AMC by parasitic worms. As illustrated in Table 
V, hexachlorophene markedly inhibited the rate of acetoin utilization by 
filariae. 

Acetoin Production by Filarial Homogenates in Presence of Acetaldehyde— 
Production of AMC by the action of filarial enzymes could be observed 
when homogenates of fresh or of lyophilized worms were used. In the 
presence of acetaldehyde alone the formation of AMC by filarial homo- 
genates was greatly increased by cocarboxylase and manganese (Table 
VI). Addition of either of these cofactors without the other had no effect 
on AMC synthesis. Partial inactivation of the system occurred on dial- 
ysis of the homogenate. Manganese could not be replaced by magnesium 
in concentrations varying between 1 X 1075 and1 X 107? mM. The latter 
cation had an inhibitory effect when added together with cocarboxylase. 
The requirement of the system for cocarboxylase was very low and op- 


5 Personal communication. 








412 METABOLISM OF ACETYLMETHYLCARBINOL 


timal rates of acetoin production were observed with concentrations of 
this coenzyme as low as 5 X 10~* m (2.3 y per ml.), even after thorough 
dialysis of the homogenate against 0.1 M KCl. The activity was highest 
when the pH of the reaction mixture was 7.1. At pH 5.6 the activity was 
at least 60 per cent lower. 

Since the addition of pyruvate greatly increased the production of AMC 
by filarial homogenates in the presence of acetaldehyde (see below), the 
possibility was afforded that pyruvate present in or formed by the homo- 


TaBLe VI 


AMC Production by Homogenates of Lyophilized Filariae in Presence of Acetaldehyde 
and Acetaldehyde and Pyruvate 


KCl 7.5 X 10-? M; potassium phosphate buffer 2 X 10-?m. The pH of the reac- 


tion mixture was 7.1 (pH of buffer 7.3) when acetaldehyde (3.5 X 10-2 m) was the | 


only substrate and 6.2 (pH of buffer 6.4) with acetaldehyde (1.4 X 10-? m) and sodium 
pyruvate (1 X 10™'M) as substrates. Concentrations of additions, 2 X 10-’m MnCl, 
2 X 10°? m MgCl, 1 X 10-5 m cocarboxylase. The reaction mixtures were incubated 
with shaking for 60 minutes at 37°. Dialysis was carried out against running 0.1 
mM KCl (8 liters) for 16 hours at 2-4°. 




















AMC production, um* 
sai A Idehyd 
Additions Acetaldehyde (3.5 X 107? m) aeaaeae 
Undialyzed | Dialyzed Undialyzed 
homogenate | homogenate homogenate 
aaa aici aii aaa sidan ncecnlsin dean ‘. eee ‘ 
| 
HN Gat eeten ay hd iter eae oe che arg 0.8 | 0.5 | 1.8 
WOCATDOXYIOBE «6 oo cce acca eee ssaceeses 1.3 | 0.6 27.2 
SS ee ee 2.7 | 0.9 29.8 
Cocarboxylase + Mn**................. 5.9 2.8 | 43.7 
2 ieee wwe euwas 0.7 | 0.4 | 34.1 
+ Mn** + Mgt ......... 5.2 2.4 | 42.9 


* Per gm. of filariae (fresh weight) per hour. 
genate may have reacted with acetaldehyde. If this were the case 1 mole 
of CO. would be formed per mole of acetoin produced. As shown in 
Table VII, such decarboxylation accounted for no more than 7 to 11 per 
cent of the AMC formed in the presence of acetaldehyde alone. Further- 
more, if under these conditions acetaldehyde did condense with pyruvate, 
no more than 1 mole of acetaldehyde could be used for the production of 
1 mole of AMC. However, anaerobically 1.76 to 1.92 moles of acetalde- 
hyde were removed for each mole of AMC formed, a situation which in- 
dicated that most of this compound was synthesized by a condensation of 
2 moles of acetaldehyde. 

Acetoin Production by Filarial Homogenates in Presence of Acetaldehyde 
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and Pyruvate—The formation of AMC by filarial homogenates in the 
presence of acetaldehyde and pyruvate, as with acetaldehyde alone, was 
greatly increased by cocarboxylase and Mnt+ (Table VII) and similar 
concentrations of these two cofactors produced optimal effects. However, 
several differences were observed when both substrates were used instead 
of acetaldehyde alone: (1) the production of AMC was about 8 times 
greater with both substrates; (2) cocarboxylase, even in the absence of 


| Mn+, increased the activity of the system to a much greater extent; (3) 
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in the presence of cocarboxylase Mgt+ did not inhibit, but stimulated 
slightly, the activity of the system; (4) the highest activity occurred when 


TaBLeE VII 
Anaerobic CO2 Production of Filarial Homogenates in Presence of Acetaldehyde 


CO: production was measured by the direct method of Warburg (38). The main 
compartments of two Warburg vessels (total volume 4.2 to 4.6 ml.) contained 0.85 
ml. of the homogenate of filariae (homogenized in 12.5 volumes of 0.1 m KCl con- 
taining 2 X 10-? mM potassium phosphate buffer (pH 7.4)), 0.05 ml. of 4 X 10-?m MnCh, 
and 0.05 ml. of 2 X 10-4 m cocarboxylase. 0.1 ml. of 3.5 X 10-! m acetaldehyde had 
been placed in one side arm, 0.1 ml. of 2N H.SO,in the other. After saturation with 
nitrogen (previously passed through red hot copper wire) and temperature equilibra- 
tion, the contents of both side arms were tipped into the main compartment of one 
vessel (control) and the acetaldehyde solution into that of the other (experimental). 
After 1 hour the acid was tipped into the reaction mixture. All values were cor- 
rected for the endogenous production of AMC and CO: in the absence of acetalde- 
hyde, but under otherwise similar conditions. 





| Experiment 1 | Experiment 2 | Experiment 3 





AMC production* ; : 
CO2 of Mo Ss a Seta RO arora aes 0.44 0.75 0.51 








* Micromoles per gm. of filariae (wet weight) per hour. 


the pH of the reaction mixture was between 5.8 and 6.3, which is consider- 
ably below the optimal pH with acetaldehyde alone; and (5) filarial homo- 
genates lost their ability to form AMC from acetaldehyde and pyruvate 
within 24 hours, even if kept at 2-4°, while under similar conditions pro- 
duction of AMC from acetaldehyde did not change for at least 3 days 
(Table VIII). 

When homogenates of lyophilized filariae were incubated with pyruvate 
alone, z.e. without added acetaldehyde, but under otherwise similar con- 
ditions, no detectable acetoin production occurred. However, after heat- 
ing the neutral, deproteinized reaction mixture for 10 minutes at 100°, a 
compound was formed which had the same behavior as diacetyl when 
determined by the method of Westerfeld (23). Because of the relative 
scarcity of filariae no attempt could be made to identify this compound. 
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It was formed in equal amounts under aerobic and anaerobic conditions 
and cocarboxylase and Mnt* were required for its formation. This com- 
pound could not be detected when acetaldehyde, with or without added 
pyruvate, was used as substrate. 

Recently Juni (39) has demonstrated that in A. aerogenes a-acetolactate 
is an intermediate in the production of AMC from pyruvate. The rate 
of decarboxylation of a-acetolactate® by filarial homogenates varied con-! 
siderably from one powder to another. With some it was greater, and 
with others it was considerably slower, than the rate of AMC production 
in the presence of acetaldehyde and pyruvate. Decarboxylation of ace- 
tolactate by filarial homogenates appears to be of a non-enzymatic nature, 


Taste VIII 
AMC Production by Aged Homogenates of Lyophilized Filariae 
Aliquots of the preparation were tested immediately after homogenization and 
the remainders were stored at 2-4°. The conditions of assays and concentrations 


of substrates and additions (MnCl: and cocarboxylase) were identical with those in 
Table VI. 











AMC production, um* 
Age of homogenate Se. 
Acetaldehyde Acetaldehyde + pyruvate 
Preshi preparation. 2.06.4. 6..5s48.008550 5.3 44.6 
Una Moreh ahd Nae ee oc Ota Sg 5.2 3.5 
MW Bere nee ties ane edt se as 5.5 | 3.2 











* Per gm. of filariae (fresh weight) per hour. 


because heat-inactivated homogenates decarboxylated acetolactate at least 
as rapidly as the same unheated preparations. 


DISCUSSION 


Three metabolic reactions are known which result in the formation of 
AMC. (1) On the basis of their experiments with yeast, Neuberg and 
Hirsch (40, 41) concluded that 2 moles of acetaldehyde condense to form 


1 mole of acetoin. This view is supported by the observations of Green | 


et al. (9) who found that extracts of pig heart catalyze the production of 
AMC in the presence of acetaldehyde as the only substrate. (2) Kitasato 
(6) has demonstrated the bacterial synthesis of acetoin from pyruvate. 
As shown by Silverman and Werkman (26), acetaldehyde does not partic- 


ipate in this reaction. Recently Juni (39), using extracts of A. aerogenes, 


presented evidence that this reaction involves the action of two enzymes, 
one catalyzing the formation of a-acetolactic acid and CO, from pyruvate 
and the other the decarboxylation of acetolactate to acetoin. (3) Neuberg 


6 Kindly supplied by E. Juni. 
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and Rosenthal (1) have demonstrated that in yeast the formation of AMC 
is much greater in the presence of acetaldehyde and pyruvate than with 
either substrate alone. Similar observations have been made with mam- 
malian tissues (9-11). 

The results reported in this paper indicate that, in the presence of acet- 
aldehyde, filariae can synthesize AMC from 2 moles of acetaldehyde. 
After anaerobic incubation of filarial homogenates with this substance 
the ratio of acetaldehyde utilized to acetoin formed approached 2:1. If 
condensation of acetaldehyde with another compound had occurred, no 
more than 1 mole of acetaldehyde could have disappeared per mole of 
AMC formed. In addition, the possibility of a condensation of acetalde- 
hyde with endogenous pyruvate could be ruled out because the production 
of CO, in the presence of acetaldehyde alone accounted for decarboxyla- 
tion of less than 12 per cent of the acetoin produced by homogenates of 
the worms. 

The available evidence suggests the presence in filariae of at least two 
distinct enzymatic mechanisms involved in acetoin production, one from 
acetaldehyde alone, another from acetaldehyde and pyruvate. This could 


' be demonstrated by differences (a) in pH optima, (b) in the rates of in- 


activation of homogenates or of lyophilized powders on aging, and (c) in 
the ability of magnesium to stimulate AMC formation from acetaldehyde 
and pyruvate in the presence of cocarboxylase, while, under otherwise 
similar conditions, Mgt+ had an inhibitory effect with acetaldehyde as 
the only substrate. 

Our results indicate that in filariae a-acetolactate is not an intermediate 
in the production of acetoin. It is possible that, in contrast to A. aero- 
genes (39), in filariae acetaldehyde does not condénse with pyruvate 
directly, but only after its decarboxylation with the resultant formation 
of an activated 2-carbon compound which in turn reacts with the added 
acetaldehyde. A similar mechanism for the production of acetoin in yeast 
has been postulated by Neuberg and Rosenthal (1). No evidence has 
been obtained that Coenzyme A is required for this reaction; it had no 
effect on the rate of AMC production by filarial homogenates, either in 
the presence of acetaldehyde alone or in the presence of acetaldehyde and 
pyruvate. 

In contrast to filarial homogenates, intact filariae produce acetoin in 
the presence of pyruvate without added acetaldehyde. Under these con- 


, ditions, AMC could have been formed by condensation of pyruvate, or 


its product of decarboxylation, with endogenous acetaldehyde. An alter- 
native interpretation may be based on the occurrence of a thermolabile 
compound related to diacetyl which is produced on incubation of filarial 
homogenates with pyruvate in the presence of cocarboxylase and man- 
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ganese. Possibly this substance is converted to AMC in intact filariae. 
In this eventuality a third enzymatic mechanism concerned with acetoin 
synthesis would be present in filariae. 

As far as we are aware, the participation of a known coenzyme in the 
biochemical activities of parasitic helminths has not been established as 
yet. The stimulating effect of cocarboxylase on AMC production by 
filarial homogenates demonstrates a metabolic function of thiamine pyro- 
phosphate in this group of organisms. 

A wide range of values for the specific rotation of (—)-acetylmethyl- 
carbinol has appeared in the literature. Optical activities as low as —8° 
(42) and as high as — 103° (27), as well as a variety of intermediate values 
ranging from —26° to —100°, have been reported (8, 26, 27, 43). The | 
method used for the concentration of acetoin formed by the filariae en- } 
tailed a loss in the optical activity of 8 per cent. On this basis, the cor- 
rected [a], would be —86°. AMC produced by bacterial enzymes had 
an optical activity of —82°. This preparation had not been subjected to 
concentration and was purified by precipitation of the proteins at neutral 
pH and subsequent distillation in vacuo at room temperature. Most 
probably such a procedure would cause only slight, if any, racemi- ) 
zation. These observations appear to indicate that the optical rotation of 
acetoin is —84° (+2). However, the concentration of AMC was deter- 
mined merely by a colorimetric procedure (23), but not by diluting a 
known amount of the pure compound. Consequently, the above value is 
not established definitely in spite of the fairly close agreement between 
the observed rotations of AMC produced by two different organisms. 

Neuberg (44) considers the production of acetoin as an omnicellular | 
metabolic process, since it occurs in plants, bacteria, and yeast, as well | 
as in vertebrates. This view is supported by the observations reported 
in this paper, in which the formation of acetoin by an invertebrate Met- 
azoa has been demonstrated. It remains to be established whether the 
metabolism of this compound is essential for the survival of this and of 
other parasitic helminths. Possibly this is the case, because hexachloro- | 
phene, an anthelmintic agent against certain tapeworms (45), is a potent 
inhibitor of the utilization of acetoin by the filariae. 


SUMMARY 


1. In the presence of glucose, pyruvate, or acetaldehyde the filarial 
nematode, Litomosoides carinii, produces acetylmethylearbinol (AMC). 
This has been established by the preparation and identification of the 
benzoquinoxaline derivative of diacetyl obtained by oxidation of and sub- 
sequent isolation from media in which the filariae had been incubated. 

2. In the presence of acetaldehyde and pyruvate, the production of 


XUM 


AM( 
strat 
by a 
creas 
3. 
been 
—84 
4, 
rotat 
isom 
bical 
and 
hexa 
5. 
edly 
dicat 
enzy 
from 


Tl 
for 
freq 


DONMNPRwWNHe 
- & gd bead Col feet «(feet 6 hed 


10. 


— 
nore 


ariae. 
etoin 


n the 
ed as 
n by 
pyro- | 


thyl- 
—§° 
alues 
The 
€ en- ; 
> cor- 
3 had 
ed to 
sutral 
Most 
cemi- | 
ion of 
leter- 
ing a 
lue is 
bween 
ular | 
; well | 
orted 
Met- 
or the 
nd of 
hloro- 
otent 


ilarial 
MC). 
of the 
1 sub- 
l. 


on of 


XUM 


S. BERL AND E. BUEDING 417 


AMC by filariae is 5 to 10 times greater than with either of these sub- 
strates added without the other. Inhibition of acetaldehyde oxidation 
by antabuse and of pyruvate oxidation by fluoroacetate produces an in- 
crease in the formation of AMC. 

3. The parasites produced optically active (—)-AMC. Evidence has 
been obtained indicating that the optical rotation of this compound is 
—84°(+2°). 

4. The filariae utilize (—)-AMC at a much faster rate than the dextro- 
rotatory isomer. The rate of metabolic utilization of the levorotatory 
isomer by the helminths is about 3 times faster aerobically than anaero- 
bically. It is greatly dependent on the concentration of this substance 
and is strongly inhibited by low concentrations of the anthelmintic drug, 
hexachlorophene. 


5. The production of AMC by filarial homogenates is stimulated mark- 
edly by cocarboxylase and manganese. Observations are reported in- 
dicating that in filariae two different mechanisms are involved in the 
enzymatic synthesis of acetoin from acetaldehyde on the one hand, and 
from acetaldehyde and pyruvate on the other. 


The authors wish to express their indebtedness to Dr. Hans Hirschmann 
for the determination of the infra-red transmission spectra and for his 
frequent invaluable advice. 
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BUTYRATE OXIDATION IN THE ABSENCE OF INORGANIC 
PHOSPHATE BY CLOSTRIDIUM KLUYVERI* 


By E. P. KENNEDY{f anno H. A. BARKER 


(From the Division of Plant Biochemistry, University of California, 
Berkeley, California) 


(Received for publication, January 24, 1951) 


Preparations of soluble, cell-free enzymes of the bacterium Clostridium 
kluyvert, capable of carrying out both the synthesis and the oxidation of 
short chain fatty acids, have recently been described in a series of reports 
by Stadtman and Barker (16-21). The stability and activity of these 
enzyme preparations offer great advantages for the study in vitro of the 
mechanisms by which fatty acids are synthesized and metabolized in living 
organisms. These properties are in striking contrast to the extreme 
lability of the enzyme systems which carry out the oxidation and synthesis 
of fatty acids in animal tissues (1, 8, 18). 

In the present study, attention has been centered on the series of re- 
actions by which fatty acids are oxidized in enzyme preparations of C. 
kluyvert. There is considerable evidence which warrants the belief that 
the mechanism by which fatty acids are oxidized in this system consists 
simply in the reversal of the mechanism of synthesis. For this reason, 
information obtained about the oxidative process should be applicable to 
the problem of fatty acid synthesis. Technically, it is easier to study the 
oxidative than the synthetic reactions. Butyric acid has been selected for 
special attention, since possible intermediates involved in the reaction 
sequence are more readily available for this acid than for higher ho- 
mologues. 


Methods 


Enzyme preparations used in this work consisted of dried cells of C. 
kluyvert, or of cell-free, soluble enzymes extracted from dried cells, pre- 
pared by the method of Stadtman and Barker (16). Since the enzymes 
responsible for butyrate oxidation are readily inactivated by exposure to 
oxygen in the absence of substrate, the dried cells suspensions were pre- 
pared in vacuo. The desired quantity of dried cells was placed in a Thun- 
berg tube and water or buffer containing 0.05 per cent NaS-9H.O 


* This investigation was supported in part by research grants from the American 
Cancer Society and the Division of Research Grants and Fellowships of the National 
Institutes of Health, United States Public Health Service. 

+ Fellow of the American Cancer Society. Present address, Biochemical Research 
Laboratory, Massachusetts General Hospital, Boston, Massachusetts. 
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adjusted to pH 7 with H,SO, was placed in the hollow stopper. The tube acid 
was evacuated and the contents were mixed thoroughly. Aliquots of the Sam 
resulting suspension were added to the reaction mixture just before the Wer" 


start of each experiment. B,Y- 
Most of the experiments were performed in Warburg vessels, and the try 
gas exchange was measured by conventional methods. The 


Acetoacetate was measured by the aniline citrate decarboxylation sligl 
method of Edson (6) or by the method of Greenberg and Lester (9). Dis- _ alde 
tribution of the radioactivity in acetoacetate was measured essentially as the 
described previously by Stadtman and Barker (19). 0 

Counter-current distribution studies on the 2 ,4-dinitrophenylhydrazone desc 
of acetoacetate and on acetic and butyric acids were made according to 
techniques and with the apparatus described by Craig et al. (3, 15). 


The 2,4-dinitrophenylhydrazone of acetoacetate was isolated from en- 0 
zyme suspensions by the following method: 6.0 ml. of the enzyme sus-  PF@l 
pensions were treated with 21 ml. of a saturated solution of 2,4-dinitro- Pho 


phenylhydrazine in 95 per cent ethanol. The protein precipitate was 8 
removed by centrifugation. 1.2 ml. of 50 per cent citric acid were then 
added to the supernatant, and the solution was held at room temperature 
for 10 minutes. The reaction mixture was extracted with two successive 
10 ml. portions of benzene. The combined benzene extracts were then °C 
extracted with 10 ml. of 0.1 m phosphate buffer, pH 7.0. The 2 ,4-dinitro- whe 


of i 


phenylhydrazone of acetoacetate passed quantitatively into the aqueous sar 
phase. The benzene layer, containing unchanged 2,4-dinitrophenylhydra- | © 
zine and neutral hydrazones, was discarded. The aqueous layer was -— 


acidified with 0.4 ml. of 50 per cent citric acid and extracted with 10 ml. in} 
of benzene. The 2,4-dinitrophenylhydrazone of acetoacetic acid passed 
into the benzene phase. The benzene extract was washed with distilled onl 
water and an aliquot introduced into the Craig apparatus. The distri- 2” 
bution procedure was then carried out with mutually saturated benzene “% 
and 0.1 m phosphate buffer, pH 5.46, as solvents. At the end of the run, tha 
each tube was analyzed for total 2 ,4-dinitrophenylhydrazones by a modi- | this 
fication of the method of Friedemann and Haugen (7). the 

Acetic and butyric acids, isolated from the enzyme digests by steam °° 


distillation, were separated in the Craig apparatus by distribution in bu- * © 
tanol and 0.1 M citrate buffer containing 1 per cent KCl. The pH of the of 
aqueous phase after equilibration was 4.1. Radioactive fatty acids were hi 
used in this procedure, and, at the end of the run, the distribution of the Fir 
components was determined by measuring the radioactivity in each tube. Pa 


Fatty acids were identified either by Duclaux distillation or by the ap- : 
plication of paper chromatography (12). re 
Samples of dl-threo-«,8-dihydroxybutyric acid, y-butyrolactone, aconic . 
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acid, and isocrotonic acid were generously provided by Dr. D. E. Green. 
Samples of barium dl-a-hydroxybutyric acid and sodium a-ketovaleric acid 
were donated by Dr. Alton Meister. dl-8,y-Dihydroxybutyrolactone and 
8,y-epoxybutyric acid were synthesized by R. G. Bartsch of this labora- 
tory, using the methods of Nef (14) and Hartenstein (11), respectively. 
The lactone was converted to the dihydroxybutyrate by treatment with a 
slight excess of sodium hydroxide at room temperature. Succinic semi- 
aldehyde was prepared by heating an aqueous solution of aconic acid (10); 
the pure compound was not isolated. 

Other methods used in the course of this work have been previously 
described (16-21). 


EXPERIMENTAL 


Oxidation of Fatty Acids in Absence of Inorganic Phosphate—Enzyme 
preparations of C’. kluyvert have been shown to oxidize butyrate to acetyl 
phosphate and acetate according to Reaction 1 (17). Furthermore, it was 
observed that the oxidation of butyrate was dependent upon the presence 


CH;:CH:CH:COO- + O: + HPO.” = CH;COOPO;:" + CH;COO- + H:0 (1) 


of inorganic phosphate; in the absence of phosphate, no uptake of oxygen 
occurred. However, further investigation of this point has shown that 
when the enzyme preparations are buffered with either tris(hydroxy- 
methyl)aminomethane (TRIS) or bicarbonate, they catalyze a fairly rapid 
oxidation of fatty acids in the absence of inorganic phosphate. Data on 
oxygen uptake with butyrate in TRIS and in phosphate buffers are given 
in Fig. 1. 

It will be noted that the rate of oxidation in the absence of phosphate is 
only about one-third that in the presence of phosphate. Since a small 
amount of inorganic phosphate, about 1.5 um per 50 mg. of dried cells, 
was present in the enzyme preparation, the possibility was considered 
that the observed oxidation might depend upon the catalytic action of 
this phosphate. The latter could be converted to acetyl phosphate during 
the oxidation of butyrate and then be regenerated by the action of the 
acetylphosphatase known to be present in the preparation (21). By such 
a cyclic series of reactions, a trace of phosphate could cause the oxidation 
of a large amount of butyrate. 

Two types of experimental evidence rule out the above hypothesis. 
First, the effect of the addition of barium chloride to the reaction mixture 
may be noted. Since barium phosphate is very slightly soluble at pH 8, 
it would be expected that the addition of barium chloride at this pH would 
minimize the effect of the inorganic phosphate present in the preparation. 
Actually, the rate of oxygen uptake was decreased very little if at all by 
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the addition of 10 um of BaCl, to 2 ml. of the reaction mixture containing li 
50 mg. of dried cells and 20 um of sodium butyrate at 7.05 m TRIS buffer, dati 
pH 7.8. peri 


More conclusive evidence against a catalytic réle of inorganic phosphate syst 
was provided by the demonstration that the oxidation of butyrate follows 1.18 
a different course in the presence and absence of added phosphate. 

According to Reaction 1, which has been confirmed in the present study, 
the oxidation of butyrate in the presence of phosphate results in the for- 
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Fig. 1. Oxidation of butyrate with and without phosphate. Each Warburg vessel 
contained 20 um of sodium butyrate, 50 mg. of dried cells of Lot T, and the indicated 
buffer, pH 7.9, in a final volume of 2.0ml. Manometric details as in Table I. : : 


mation of 1 mole of acetyl phosphate and 1 mole of acetate foreach moleof °° 
oxygen consumed. Since acetyl phosphate breaks down to acetic acid a 
under the conditions of the determination of steam-volatile acid, there is | — 

also an increase of 1 equivalent of volatile acid per mole of oxygen used. of | 
When the oxidation of butyrate is carried out in TRIS rather than in add 
phosphate buffer, it is obvious that acetyl phosphate cannot accumulate. | or: 
More significant was the finding that the steam-volatile acid titer did not | ma 
increase as the reaction proceeded, as would have been necessary if the | oth 
products of the reaction were 2 moles of acetic acid, formed by the break- 


| tur 
down of acetyl phosphate with “catalytic” regeneration of inorganic phos- _— (6) 
phate. On the contrary, a net decrease in steam-volatile acid was sid 
observed. Data illustrating this finding are given in Table I. rat 
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In order to ascertain the oxidation level of the product of butyrate oxi- 
dation in the absence of phosphate, oxygen uptake was measured in ex- 
periments in which limiting amounts of butyrate were added to the enzyme 
system. The results show that approximately 1 mole of oxygen (1.06 and 
1.18 moles) was consumed per mole of added butyrate. Thus the extent 








TaBLe | 
Fatty Acid Oxidation in Absence of Inorganic Phosphate 
Substrate O2 uptake A steam-volatile acid 
BM BM 
BUG Ea UO oe fo ao ee ces Ne ee 7.4 —§.1 
OSE 7. Seth alia eke iach Serneate Reena aa 7.6 —4.0 
CRBLORGO 5 6s sctcc aati pes Ses eae 5.9 —2.0 
SES OP etch) alam Wes hial eeeee aaa M 5.7 —3.8 











The experiments were conducted in Warburg vessels at 26° with air as the gas 
phase. Each vessel contained 50 mg. of dried cells, Lot T, and 20 um of the indicated 
substrate in 2 ml. of 0.05 m TRIS buffer, pH 7.9. The values are corrected by sub- 
tracting the small oxygen uptake and volatile acid formation observed in vessels 
without added substrate. The duration of the experiments was 90 to 120 minutes. 














Tas_e II 
Acetoacetate Formation from Butyrate and Vinyl Acetate 
Experiment No. Substrate Oz uptake Acetoacetate formed 

uM : uM 
i! Butyrate 11.4 §.1 
2 ie 8.3 5.0 
3 vs 13.8 5.7 
4 os 8.6 3.8 
5 | Vinyl acetate 4.2 4.2 








The Warburg vessels contained either 20 um of butyrate or 88 um of vinyl acetate 
as substrate in a final volume of 2.0 ml. of 0.05 m TRIS buffer, pH 7.8. Other experi- 
mental conditions are the same asin Table I. Acetoacetate was determined by the 
aniline citrate method (6). 


of butyrate oxidation is the same whether or not inorganic phosphate is 
added, the butyrate in either case being converted to the level of acetate 
or a keto acid. Since the data on volatile acid changes rule out the for- 
mation of 2 moles of acetate per mole of butyrate, it was certain that some 
other product (or products) must be formed. Therefore the reaction mix- 
ture was examined for the presence of acetoacetate by the method of Edson 
(6). The data from four experiments, given in Table II, show that con- 
siderable quantities of a 6-keto acid are formed in the oxidation of buty- 
rate in the absence of inorganic phosphate. 
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Since the aniline citrate method of Edson is not entirely specific for deca 
acetoacetate, other evidence was sought to identify the 8-keto acid. Ace- _ |ecte 
tone was determined by the method of Greenberg and Lester (9) and the _ jgola 
results were found to be in satisfactory agreement with those for carbon The 
dioxide evolution obtained by the aniline citrate method. In addition,  ysadi 
the 2 ,4-dinitrophenylhydrazone of the 6-keto acid was isolated from the carb 
enzyme mixture by counter-current distribution in the Craig apparatus. , data 
The distribution coefficient of the substance isolated was 0.29, closely simi- thes 
lar to the value of 0.32 observed for the 2,4-dinitrophenylhydrazone of reco 
synthetic acetoacetate. duri 

The oxidation of vinyl acetate in the absence of phosphate was shown E; 
also to result in the formation of acetoacetate in about the same yield as 
from butyrate. 

The finding that acetoacetate is a product of the oxidation of butyrate 
and vinyl acetate in the absence of phosphate is somewhat surprising. 
Acetoacetate is known not to be an intermediate in the sequence of re- —— 
actions by which butyrate is oxidized to acetyl phosphate and acetate in Initi 
the presence of phosphate. This fact was demonstrated in earlier studies Acet 
by Stadtman and Barker (19) and was confirmed in the present investi- | Acet 
gation. Although acetoacetate is converted to acetyl phosphate and ace- —— 


tate by these enzyme preparations at pH 6.5, it is only very slightly re- to 
‘ a A : trati 
active at pH 7.8, a pH value at which the oxidation of butyrate proceeds to m 


very rapidly (17). Furthermore, the reduction of acetoacetate in an at- smal 
mosphere of hydrogen proceeds only to the stage of B-hydroxybutyrate 10g 
under conditions in which acetyl phosphate and acetate are reduced com-  ? bo" 
pletely to butyrate (19). Also, it has been shown that acetoacetate is pes 
not in isotopic equilibrium with acetyl phosphate and acetate. Finally, | 
the oxidation of C'*-labeled butyrate in the presence of unlabeled aceto- sence 
acetate does not result in the incorporation of C™ in the latter. These rate 
considerations completely eliminate the possibility that acetoacetate is a with 
normal intermediate in the oxidation or synthesis of butyrate. phat 
Mechanism of Formation of Acetoacetate—Studies of the oxidation of oc- was 
tanoate in animal tissues by Weinhouse e¢ al. (23), Buchanan et al. (2), ami 
and Crandall et al. (4, 5) have shown that acetoacetate is formed mainly _ toac 
by the recondensation of 2-carbon units derived from the fatty acid. Thus T 
when octanoate labeled in the carboxyl position with C™ was used as sub- | was 
strate, the acetoacetate was found to have C® distributed in both the car- ever 
bonyl and the carboxyl carbons. It was of interest to determine whether | dati 
the same mechanism was involved in the formation of acetoacetate from | this 
butyrate in C. kluyvert preparations. Accordingly, butyrate labeled in  oxir 
the carboxyl position with C™ was oxidized in the absence of added inor- __ tate 
ganic phosphate. At the end of the experiment, the acetoacetate was _ stea 
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decarboxylated with aniline citrate, and the resulting carbon dioxide col- 
lected as barium carbonate. The acetone moiety of the acetoacetate was 
isolated as the 2 ,4-dinitrophenylhydrazone without the addition of carrier. 
The radioactivity of these two fractions was then determined. All of the 
radioactivity of the acetoacetate was found to be present in the carboxyl 
carbon. The acetone fraction was completely devoid of activity. The 
data of such an experiment are summarized in Table III. It is clear from 
these findings that in this system acetoacetate is not formed by a random 
recombination of 2-carbon units. Probably the C, chain remains intact 
during the conversion of butyrate to acetoacetate. 

Effect of Hydroxylamine—The rate of oxidation of butyrate in the ab- 








Tas.e III 
Distribution of C4 in Acetoacetate Formed by Oxidation of C'4-1-Butyrate 
Substance | Specific activity 
C.p.m. per pM 
Initial butyrate, carboxyl carbon.....................06- 207 
Acetoacetate formed, carboxyl carbon................... | 190 
MGOUGNE TAGIE UNE i bib denis a Re aN raat RE | 0 





The experiment was carried out in a 125 ml. Erlenmeyer flask. The final concen- 
tration of carboxyl-labeled butyrate was 0.02 m. TRIS buffer of pH 8.0 was used 
to maintain the pH. Barium chloride (0.005 m) was added to minimize the effect of 
small amounts of inorganic phosphate. The final volume of the system was 30 ml. 
1.0 gm. of dried cells of Lot O was used, and the vessel was shaken at 26° in air for 
2 hours. At the end of the reaction, the acetoacetate formed was decarboxylated 
with aniline citrate, and the carboxyl carbon recovered as barium carbonate. The 
acetone was isolated, recrystallized, and counted as the 2,4-dinitrophenylhydrazone. 


sence of phosphate is about one-third the rate in its presence. Also the 
rate in the absence of phosphate appears to fall off somewhat more rapidly 
with time. These results suggested that the slower rate without phos- 
phate might be due to the accumulation of acetoacetate. This possibility 
was tested by observing the effects of adding acetoacetate and hydroxyl- 
amine in separate experiments. The latter was expected to remove ace- 
toacetate from the reaction mixture by formation of the oxime. 

The addition of acetoacetate in concentrations from 5 to 10 um per ml. 
was found not to retard the oxidation of butyrate in TRIS buffer. How- 
ever, the addition of hydroxylamine markedly stimulated the rate of oxi- 
dation in the absence of phosphate (Fig. 2). Contrary to expectation, 
this stimulation was not caused by the removal of acetoacetate as the 
oxime but by a change in the course of the reaction so as to produce ace- 
tate instead of acetoacetate. This was first indicated by an increase in 
steam-volatile acid, as shown in Table IV, instead of the decrease that 
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occurs in the absence of hydroxylamine and phosphate (Table I). 


Micro- § 


Duclaux distillation of the volatile acid showed that the product was acetic 
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Fia. 2. Influence of hydroxylamine on butyrate oxidation. Each vessel contained 
50 mg. of dried cells of Lot T, 20 um of sodium butyrate, and 40 um of hydroxylamine 


as indicated in 2.0 ml. of 0.05 m TRIS buffer, pH 8.0. 








Oz uptake A volatile acid | 











TaBLe IV 
Volatile Acid Formation from Butyrate in Presence of Hydroxylamine 
Experiment No. | itvonytaniine added| Butyrate added | 

: 2 

| BM BM 
45 40 20 
45 40 20 
45 | 0 20 
46 | 400 200 
47 | 400 200 











uM | pM 
15.1 | 5.8 
14.0 | 6.2 
10.3 | —7.7 
99 
100 





4 ae ~ | 
All experiments were performed in 0.05 m TRIS buffer, pH 7.9. The final volume 
of the system was 2.0 ml. in Experiment 45 and 20 ml. in Experiments 46 and 47. 
In Experiments 46 and 47, manometric measurements were not made, and the reac- 


tions were carried out in 125 ml. Erlenmeyer flasks, shaken in air at 26°. 
of the manometric technique in Experiment 45 were the same as in Table I. 


Details 
50 mg. 


of dried cells of Lot T were used in each vessel in Experiment 45, and 500 mg. per 


vessel in Experiments 46 and 47. 


acid. The identification was confirmed by making a paper chromatogram | 


of the products (12). 


The mechanism by which hydroxylamine induces the formation of ace- | 
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tate has not been determined, but it has been shown not to involve the 
participation of acetoacetate. The incubation of acetoacetate and hy- 
droxylamine with the enzyme preparation at pH 8 in the absence of phos- 
phate does not result in the formation of a significant amount of acetate. 

The above experiments lead to the conclusion that the slow rate of 
butyrate oxidation in the absence of phosphate is not due to an accumu- 
lation of acetoacetate. The rate-limiting reaction appears to be the con- 
version of the intermediate at the acetoacetate level into acetoacetate. 
This point is considered further in the discussion. 

During experiments on the oxidation of butyrate in the presence of 
hydroxylamine and the absence of phosphate, it was found that an un- 
identified compound accumulated which could be detected by its char- 
acteristic absorption spectrum with a peak at 415 my. The same ab- 
sorption band was observed, under the above conditions, with a cell-free 
preparation of Lot S and a dried cell preparation of Lot T, and with either 
butyrate or vinyl acetate as substrate. The 410 my absorption was not 
increased when acetoacetate was incubated with the enzyme under iden- 
tical conditions, indicating that the compound is not the oxime or other 
simple derivative of acetoacetate. Furthermore, the compound was not 
formed when butyrate was oxidized in the presence of both hydroxylamine 
and inorganic phosphate, when hydroxylamine was incubated with the 
enzyme preparation in the absence of butyrate and phosphate, or when 
hydroxylamine was added to a reaction mixture immediately after a small 
quantity of butyrate had been oxidized to completion in the absence of 
phosphate. 

The above results strongly suggest that the compound responsible for 
the 410 my absorption band is a derivative of hydroxylamine and some 
intermediate in the oxidation of butyrate and vinyl acetate. It possesses 
several properties, such as reducibility and reactivity with phosphate and 
arsenate, that would be expected of an intermediate at the acetoacetate 
level. However, much more work will be required to establish the iden- 
tity of the compound and its relation to fatty acid oxidation. 

Effect of Arsenate on Butyrate Oxidation—It was shown by Stadtman and 
Barker (21) that arsenate is a potent inhibitor of fatty acid oxidation in 
enzyme preparations of C’. kluyvert when these reactions are carried out in 
phosphate buffer. This finding was completely confirmed in the present 
investigation. Table V shows the relation between arsenate concentration 
and the degree of inhibition of butyrate oxidation in phosphate buffer. 
Inhibition begins at an arsenate concentration of about 10-* m and be- 
comes almost complete at about 10-* m. In view of these relations we 
were surprised to find that, in the absence of phosphate, arsenate is mar- 
kedly stimulatory in the concentration range between 0.001 and 0.002 m. 
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This was demonstrated by experiments in which TRIS buffer was used 








whe 

to maintain the pH. Upon the addition of increasing amounts of inor- uni 
TABLE V = 

Arsenate Inhibition of Butyrate Oxidation in Phosphate Buffer 1 

Arsenate concentration Per cent inhibition anc 

” s ‘ late 
0.0001 0 the 

0.00025 23 con 

0.0005 40 ] 

0.001 88-100 me 








Each Warburg vessel contained 50 mg. of dried cells, of Lot T and 100 um of sodium 810 
butyrate in 2 ml. of 0.05 m phosphate buffer, pH 7.9. Inhibition is calculated on the tw 
basis of oxygen uptake in the first 25 minutes of the experiment, a control vessel otk 
without arsenate serving as standard for 100 per cent activity. 
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Fig. 3. Influence of phosphate and arsenate on butyrate oxidation. Each vessel el 
contained 50 mg. of dried cells of Lot T, 100 um of sodium butyrate, and the indicated * 
amounts of phosphate and arsenate in 2.0 ml. of 0.05 m TRIS buffer, pH 7.9. 
ganic phosphate in the presence of a constant amount of arsenate, an in- 1 
creasing potentiation of the arsenate inhibition was noted (Fig. 3). It is a 
evident therefore that either arsenate or phosphate alone is stimulatory, tl 
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whereas both together are inhibitory. This rather complex relation is not 
unique, since Stumpf e¢ al. (22) have found an essentially similar behavior 
of phosphate and arsenate in glutamyltransphorase that catalyzes an ex- 
change of the amide group of glutamine with ammonia and hydroxylamine. 

When the oxidation of butyrate is carried out in the presence of arsenate 
and in the virtual absence of inorganic phosphate, no acetoacetate accumu- 
lates. Paper chromatograms of the steam-volatile acids resulting from 
the reactions demonstrated that acetate is the main product under these 
conditions. 

Possible Intermediates in Oxidation of Butyrate—Present concepts of the 
mechanism of biological oxidations lead to the expectation that the conver- 
sion of butyrate to acetate involves at least two distinct oxidative steps and 
two intermediates, one at the oxidation level of 8-hydroxybutyrate, the 
other at the acetoacetate level. In a previous paper (20), several C, com- 
pounds at these oxidation levels were tested, but none was found to possess 
the necessary properties of an obligatory intermediate. In the present 
investigation, we have confirmed the results previously reported with vinyl 
acetate, 8-hydroxybutyrate, crotonate, isocrotonate, and acetoacetate, and 
have tested several additional compounds, namely dl-a-hydroxybutyrate, 
y-hydroxybutyrate, y-butyrolactone, dl-threo-a ,8-dihydroxybutyrate, dl-8, 
y-dihydroxybutyrate, 8 ,y-epoxybutyrate, succinic semialdehyde, succinate, 
and a-ketovalerate. The latter compound was used in place of a-keto- 
butyrate, which was not available. In view of the fact that valerate is 
oxidized as rapidly as butyrate in the C. kluyvert system, it can be antici- 
pated that a-keto derivatives also would react similarly. 

The reactivity of compounds at the hydroxybutyrate level was deter- 
mined by testing for oxygen uptake and acetyl phosphate formation in 
the presence of the enzyme and phosphate buffer, pH 7.8. Controls with- 
out substrate and with butyrate were always run simultaneously. Com- 
pounds at the ketobutyrate level were tested for ability to undergo a 
phosphoroclastic conversion to acetate and acetyl phosphate in phosphate 
buffer at pH 7.8. 

The results showed conclusively that none of the newly tested com- 
pounds is decomposed at a significant rate in this system. Consequently, 
these compounds can be eliminated frdm consideration as possible inter- 
mediates in the oxidation and synthesis of butyrate. The results also 
emphasize the great specificity of the C. kluyvert preparations as compared 
with enzymes derived from animal sources (8). 

In addition to the experiments summarized above, attempts have been 
made to demonstrate the accumulation of compounds other than aceto- 
acetate and acetate when butyrate is oxidized in TRIS buffer, pH 7.8, in 
the absence of phosphate. Under these conditions the rate of the reaction 
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is markedly slower than in the presence of phosphate and some indications val 
had been obtained that the lower rate might be due to or might cause a abs 
limited accumulation of intermediate products. An experiment to test firs 
this possibility, repeated several times, was carried out by incubating C™- ex] 
1-butyrate with the enzyme system until it was about one-third decom- fac 
posed and then examining the reaction mixture for various types of labeled up 
compounds. Results of a typical experiment are given in Table VI. At | _ str 
the end of the incubation period, essentially all of the radioactivity added uti 
initially could be accounted for as acetoacetate and steam-volatile acids. Wi 


No radioactivity was found in the non-volatile residues after steam dis- ! 
tillation. The steam-volatile acid fraction contained only acetic and bu- 
tyric acids, as revealed by paper chromatography and radioautography of 








TaBLe VI ~ 
Products of Butyrate-1-C'* Oxidation at pH 7.8 in Absence of Inorganic Phosphate 
Fraction No. Quantity Total radioactivity a 
BM c.p.m. os 
1. Initial butyrate added................. 16.1 82,300 
2. Steam-volatile acids recovered....... 13.8 64,300 | 
3. Acetoacetate found...................... 3.1 (15,900) 
ta Ne 0 GI Soca Ashes ib eels puter higagtarnhin 80, 200 








The experiment was carried out in 0.05 m TRIS buffer, pH 7.8, with 50 mg. of 
dried cells of Lot O and in a final volume of 2.0 ml. The radioactivity of the aceto- 





co 
acetate is calculated on the assumption that the specific activity per micromole is th 
identical with that of the initial butyrate added (see Table III). The manometric co 
details are the same as in Table I. pe 

‘ ‘ } ph 
the ammonium salts (12). It can be concluded that no stable interme- 


diate accumulated in amounts greater than the over-all accuracy of the 
methods used (about 0.1 per cent), even though the rate of the oxidation D 


was reduced to about a third by carrying out the reaction in the absence Ce 
of added inorganic phosphate. 0. 
Oxidation of Butyrate at Various pH Values—The influence of pH on | 
the rate of butyrate oxidation in the presence of inorganic phosphate has a 
already been described (17). The effect of pH on the oxidation in the ab- ti 
sence of inorganic phosphate was studied in an effort to determine whether W 
the accumulation of products other than acetoacetate or acetate could be tl 
brought about by a differential pH inhibition of one or more enzymatic a 
steps in the reaction. , # 
It was found that the oxidation of butyrate can be carried out overa | 2 
wide range of pH values, from 6.5 to 9.5. In Table VII are given the re- I 
sults of a series of such experiments. As the pH of the medium is raised i 


above 7.9, the stimulatory effect of added phosphate diminishes. At pH I 
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values above 8.8 oxygen uptake actually proceeds at a higher rate in the 
absence of inorganic phosphate. The amount of oxygen consumed in the 
first 20 minutes of the oxidation was used as an index of activity in these 
experiments. The interpretation of these results is complicated by the 
fact that at the higher pH values hydrogen peroxide is formed and is used 
up in side reactions not involving the oxidation of further amounts of sub- 
strate. In contrast to this, at pH 7.8, hydrogen peroxide, if formed, is 
utilized for the oxidation of substrate. Evidence bearing on this point 
will be presented below. 

The yield of acetoacetate as a function of pH was next investigated. 


TasB.e VII 
Influence of pH on Butyrate Oxidation with and without Phosphate 




















pH Os uptake per 20 min. — 
Phosphate added No phosphate added Rate — phosphate 
ul. ae 
6.5 156 51 31 
7.9 225 70 3.2 
8.5 192 100 ‘a 
9.4 | 43 137 0.31 





Stock buffer solutions used in this experiment were made by adding sufficient 
concentrated NaOH to an equimolar mixture of TRIS and maleic acid to obtain 
the desired pH as measured with a glass electrode. Each vessel contained a final 
concentration of 0.1m TRIS and maleate. 50 mg. of dried cells of Lot O were used 
per vessel. Inorganic phosphate (100 um) was added as indicated. Butyrate (20 
uM) was added to all vessels. The final volume of the system was 2.0 ml. The 
manometric procedure is described in Table I. 


Data in Table VIIT show that the acetoacetate-oxygen uptake ratio falls 
considerably as the pH of the reaction medium is raised, from a value of 
0.56 at pH 7.4 to 0.11 at pH 8.8 and 0.04 at pH 9.4. 

An experiment was then designed to find out what product other than 
acetoacetate was formed at pH 8.8 in TRIS buffer. A technique essen- 
tially similar to that described for the experiment summarized in Table VI 
was used. C-1-butyrate was used aS the substrate, and at the end of 
the reaction, an attempt was made to account for all of the radioactivity 
added. In this experiment, in contrast to those, at pH 7.8, 97 per cent of 
the radioactivity was found in the steam-volatile acid fraction, indicating 
a very small formation of acetoacetate or other non-volatile compounds. 
Radioautographs of paper chromatograms of the steam-volatile fraction 
indicated the presence of only two substances, acetic and butyric acids. 
In order to confirm this finding, the steam-volatile acid fraction was also 
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subjected to counter-current distribution in the Craig apparatus (15). Two Int 
fractions, corresponding in distribution coefficients to acetic and butyric _ the 
acids, were isolated and analyzed by a micro-Duclaux procedure. The bev 
Duclaux constants were found to be exactly those of pure acetic and bu- W 
tyric acids, respectively. The results of this experiment offer convincing  e07} 
evidence that no stable compounds other than acetate and small amounts __ effe 
of acetoacetate accumulate to a significant extent when butyrate is oxi- | whe 
dized at pH 8.8. 

Peroxide Formation—Although C. kluyveri is an obligate anaerobe, en- 
zyme preparations from this organism possess the ability to utilize atmos- 
pheric oxygen as the ultimate electron acceptor for the enzymatic oxida- 








TasieE VIII 
Influence of pH on Yield of Acetoacetate from Butyrate 
Experiment No. pH Os uptake Acetoacetate found Acetoacetate 
BM pM 

1 6.6 11.9 6.2 0.52 
7.0 13.4 7.5 0.56 
7.4 13.0 7.3 0.56 
8.0 11.4 5.1 0.45 

2 8.5 6.1 1.2 0.20 
8.8 7.4 0.8 0.11 
9.4 (het 0.3 0.04 

















The experimental conditions were the same as those described in Table VII. 
No inorganic phosphate was added. The duration of Experiment 1 was 2 hours; 
Experiment 2,1 hour. Acetoacetate was determined by the method of Edson (6), | 
and checked by the method of Greenberg and Lester (9). 


tion of many substrates. Presumably, this activity is due to the presence phe 
: : see 10, 

of a large amount of flavins, some of which are known to be autoxidizable. ok 

Studies of the stoichiometry of these reactions, carried out at about pH 

8.0, indicated that no hydrogen peroxide, which might be expected to be in 


formed from the autoxidation of flavin compounds, accumulates (17). }) of 
1 mole of oxygen uptake is observed for each mole of butyrate that is res 
oxidized. sid 

There are two possible explanations for this finding. First, hydrogen cai 
peroxide may not be formed at any stage of the reaction. Second, hydro- of 


gen peroxide may be formed, and then be utilized for the oxidation of sti 
further amounts of substrate, or it may be decomposed by catalase. The 

latter alternative was eliminated by demonstrating the complete absence | tr 
of catalase. When hydrogen peroxide was tipped into the enzyme sus- | Ox 
pension from the side arm of a Warburg vessel, no oxygen was evolved. id 
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Two In the course of experiments at pH 8.8, some evidence was obtained for 

ityrie the hypothesis that hydrogen peroxide is formed, and, at pH 7.8, may 
The be used for the further oxidation of the substrate. 

1 bu- When catalase (Armour and Company, crystalline) was added to the 

neing enzyme system containing butyrate in TRIS buffer, pH 7.8, little or no 

punts effect on the rate or amount of oxygen uptake was noted. However, 

; oxi- | when catalase was added to the enzyme system at pH 8.8, oxygen uptake 
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Fig. 4. Influence of catalase on the oxidation of butyrate in the absence of phos- 
sence phate. Each vessel contained 50 mg. of dried cells Lot O, 40 um of sodium butyrate, 
hike 10 um of BaCls, and 0.1 ml. of a 1.0 per cent solution of crystalline catalase as indi- 
: cated in 2.0 ml. of 0.1 m TRIS buffer, pH 8.8. 


t pH 
to be in the initial minutes of the reaction was only a little more than one-half 
(17). | of that observed in the absence of catalase, as shown in Fig. 4. As the 


lat is reaction proceeded, the vessel to which catalase was added showed con- 
siderably more than half the oxygen uptake of control vessels without 
rogen catalase. This may be due to a protective effect of catalase as a result 


ydro- of the decomposition of peroxide, with a correspondingly more rapid sub- 
on of strate oxidation than in the control without catalase. 

The | These results may be interpreted as indicating the presence of electron- 
sence transporting systems that oxidized reduced coenzymes and are in turn 
} sus- | oxidized by atmospheric oxygen, with the production of hydrogen perox- 
ved. | ide. At pH 7.8, peroxidases present in the enzyme preparation may uti- 
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lize the hydrogen peroxide so formed for the oxidation of further amounts 

of reduced coenzymes, so that in the net reaction there is good agreement 

between oxygen uptake and butyrate removal. However, at pH 8.8, per- 

oxidase activity is presumably greatly impaired, and the hydrogen per- 

oxide cannot be utilized for the oxidation of further amounts of butyrate, 

but instead is dissipated in unidentified side reactions. No evidence of 

the accumulation of hydrogen peroxide could be obtained by adding cata- | 
lase to the control reaction mixture at the end of an experiment such as 

that shown in Fig. 4. 
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Fic. 5. Influence of aeration and BAL on butyrate oxidation. Each Warburg 
vessel contained 50 mg. of dried cells of Lot O in 2.0 ml. of 0.1 m phosphate buffer, 
pH7.8. Inthe unaerated control, 40 um of sodium butyrate were present in the main 
compartment and the enzyme was added from the side arm at zero time. In the 
aerated control vessel, the enzyme was placed in the main compartment in the ab- 
sence of substrate and was shaken in air for 35 minutes at 26°; then 40 um of butyrate 
were tipped in from the side arm at zero time and the oxygen uptake noted. In 
another vessel, treated in the same way, 40 um of butyrate and 4 um of BAL were 
tipped in after shaking the enzyme for 35 minutes without substrate. The data are 
corrected for the small oxygen uptake with BAL alone. 


If our interpretation is correct, it can be expected that at pH 8.8, 2 
moles of oxygen should be taken up for each mole of butyrate oxidized. 
This is approximately the ratio observed in these experiments. 

Reversible Inactivation of Butyrate-Oxidizing Enzymes—The investigations 
of Stadtman and Barker (17) have shown that some of the enzymes de- 
rived from C’. kluyveri are very sensitive to shaking in air in the absence 
of substrate. Enzyme suspensions shaken at 26° in air for 30 minutes 
lose almost completely the ability to carry out the enzymatic oxidation 
of butyrate. In the course of preliminary attempts to fractionate the 
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enzymes involved in butyrate oxidation by the use of ammonium sulfate 
it was found that considerable inactivation, presumably due to oxidation, 
occurred. It was therefore of some interest to determine whether suit- 
able reagents might be found to reverse this oxidative inhibition. To 
test the effect of these reagents, the crude enzyme suspension was shaken 
in air for 30 minutes at 26° in the absence of substrate. Butyrate was 
then tipped in from a side arm, together with a variety of sulfhydryl re- 
agents, such as sodium sulfide, cysteine, thioglycolate, and BAL (dimer- 
captopropanol). BAL was found to be most effective in reversing the 
inhibition. Fig. 5 shows the effect of BAL in such an experiment. Al- 
most complete reversal of the inhibitory effect of shaking in air was noted. 
Other reagents tested were relatively ineffective. 


DISCUSSION 


In any interpretation of the experimental findings concerning the oxi- 
dation of butyrate to acetyl phosphate and acetate in enzyme preparations 
of C. kluyvert cognizance must be taken of at least three fundamental and, 
in part, rather puzzling sets of facts. The first of these is the behavior 
of vinyl acetate (20). This compound, like butyrate, is readily oxidized 
to acetyl phosphate and acetate when phosphate is present or to aceto- 
acetate in the absence of phosphate. And like acetyl phosphate and ace- 
tate, it is readily reduced by hydrogen to butyrate. In these respects, 
vinyl acetate displays the properties of an intermediate between butyrate 
and acetate. Nevertheless, tracer experiments have demonstrated un- 
equivocally that vinyl acetate cannot be a normal intermediate, and, fur- 
thermore, it does not appear to undergo any simple transformation into 
an intermediate, such as the addition of the elements of water or a shift 
in the position of the double bond. All of the other possible straight 
chain Cy compounds at this oxidation level, 7.e. the three monohydroxy- 
butyrates and the two a,y-unsaturated acids, have been shown to be un- 
reactive in this system. 

Secondly, one must consider the behavior of acetoacetate and related 
compounds. Acetoacetate can be formed by the oxidation of butyrate 
or vinyl acetate and it can be converted to acetate and acetyl phosphate 
by a phosphoroclastic reaction (19). ~But despite this proof of the re- 
activity of acetoacetate, the evidence against its participation in butyrate 
oxidation and synthesis is conclusive. At the pH that is most favorable 
for the oxidation of butyrate to acetyl phosphate and acetate, the phos- 
phoroclastic decomposition of acetoacetate is extremely slow (19). More- 
over, conditions that allow the rapid reduction of acetyl phosphate and 
acetate to butyrate, result only in the conversion of acetoacetate to 6- 
hydroxybutyrate. Finally, tracer experiments have demonstrated the 
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complete absence of interchange between acetoacetate and the interme- 


brea 
diates of butyrate oxidation. This indicates that acetoacetate is not itself of a 
an intermediate and, like vinyl acetate, is not readily transformed into ig ¢: 
an intermediate. No other compound at the oxidation level of acetoace- ing 
tate, thus far tested, is at all reactive. step 
The third significant fact is that the oxidative steps can proceed at a phat 
fairly rapid rate in the absence of inorganic phosphate. This makes it, muc 
very unlikely that vinyl acetate or acetoacetate is converted to a phos-| gloy 
phorylated intermediate by addition of a molecule of inorganic phosphate. {orn 
If we assume that the path of butyrate and vinyl acetate oxidation is the the 
same in the presence and absence of phosphate, this also means that in- pal 
organic phosphate participates only in the final formation of acetyl phos- | put; 
phate from the oxidized product at the acetoacetate level. | the 
To account for the above facts and for our failure to detect the accu- yh 
mulation of intermediates under a variety of experimental conditions, we yer 


are led to the theory that the actual intermediates in butyrate oxidation (i.e 
are not C4 compounds, but are complexes of such compounds with a co- | the 
enzyme, possibly Lipmann’s coenzyme A. According to this hypothesis, he 
illustrated in the accompanying scheme, the first step in butyrate oxida- 











| clas 

CH;CH:CH:zCOOH + X = CH;CH.CH.COOH- X - 

ino 

+2H 3 

int 

CH,:CHCH.COOH + X = CH;:CHCH,COOH-x . 
+H:20 in ; 

2H tiv 

CH,COCH.COOH + X == CH,COCH.COOH-X | ie 
” wii +P inorganic the 

(fast) In 

CH,COOH + CH,COOPO;H: + X be 

th 

tion is the addition of butyrate to the coenzyme (indicated by X in the ‘i 


scheme). The coenzyme may itself require a preliminary activation by | ap 
reaction with acetyl phosphate. This is definitely indicated by the fact én 
that acetyl phosphate is required for butyrate oxidation by dialyzed en- 


zyme preparations. The butyrate-coenzyme complex must be readily dis- es 
sociable since butyrate is formed in the synthetic reaction. The butyrate- . - 
coenzyme addition product is then oxidized to a vinyl acetate-coenzyme ” 
compound. It is at this point that vinyl acetate is assumed to enter the | 

scheme by addition to the free coenzyme to form the same vinyl acetate- rw 
coenzyme compound. The latter is rapidly further oxidized to an aceto- é 
acetate-coenzyme compound. This product, in the presence of phosphate, “ 
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breaks down to yield acetyl phosphate and acetate (or possibly 2 molecules 
of acetyl phosphate) plus the free coenzyme, which is thus made available 
to carry out the oxidation of another butyrate molecule. The rate-limit- 
ing reaction under these conditions is presumably one of the oxidative 
steps, probably the initial oxidation of butyrate. In the absence of phos- 
phate, the acetoacetate-coenzyme compound is assumed to decompose 
much more slowly to acetoacetate plus coenzyme. The assumption of a 
slow rate is necessary to account for the fact that acetoacetate is not 
formed in detectable amounts in the presence of phosphate (19). Since 
the splitting of the acetoacetate-coenzyme compound is presumably rate- 
making, owing to the limited supply of coenzyme, the over-all rate of 
butyrate oxidation in the absence of phosphate is much slower than in 


' the presence of phosphate, even though inorganic phosphate is not in- 


XUM 


volved in the oxidative reactions per se. Acetoacetate cannot be con- 
verted to either butyrate or acetyl phosphate and acetate under conditions 
(i.e., pH 8) favorable for butyrate oxidation and synthesis, and therefore 
the conversion of the acetoacetate-coenzyme complex to acetoacetate must 
be irreversible at pH 8. At pH 6, which is favorable for the phosphoro- 
clastic reaction, acetoacetate is presumably converted to the acetoacetate- 
coenzyme compound at a relatively slow rate. The latter then reacts with 
inorganic phosphate to give acetyl phosphate and acetate. 

The above theory is based upon the idea that the components of the 
intermediate substrate-coenzyme compounds are joined by a chemical bond 
of considerable stability, rather than by weak forces such as are implied 
in the Michaelis-Menten theory of enzyme action. The concept of a rela- 
tively stable chemical bond appears to be necessary to account for the 
lack of equilibration, demonstrated by tracer experiments (20), between 
the intermediates and the C, compounds, vinyl acetate and acetoacetate. 
In this connection it may be noted that there is a marked difference in 
behavior between the compounds at these two oxidation levels. Both 
the formation and decomposition of acetoacetate are slow. With vinyl 
acetate, however, the decomposition is rapid, whereas only the formation 
appears to be slow, judging from tracer experiments. Actually, the latter 
reaction may also be relatively fast, but appears slow by comparison with 
the other two possible reactions of the vinyl acetate-coenzyme complex. 
The relative rates of the competing reactions, rather than the absolute 
rate of the formation of vinyl acetate, would determine how much C* got 
into the free vinyl acetate in the tracer experiments mentioned above. 

While the foregoing theory can account for most of the data so far ob- 
tained, it is by no means the only theory that could be advanced. It 
should be regarded as a working hypothesis until more direct experimental 
support has been obtained. 
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SUMMARY 


Butyrate and vinyl acetate are oxidized to acetoacetate by enzyme prep- 
arations of Clostridium kluyveri in the absence of inorganic phosphate, 
The oxidation of carboxyl-labeled butyrate yields carboxyl-labeled aceto- 
acetate, proving that acetoacetate is not formed by a random condensation 
of C2. units. Hydroxylamine accelerates the oxidation of butyrate, ap- 


parently by catalyzing the conversion of an unidentified intermediate to | 


acetate. Arsenate can replace phosphate in butyrate oxidation, but, when 
arsenate and phosphate are added together, the reaction is completely 
inhibited. Several C, compounds have been excluded as possible inter- 
mediates in butyrate oxidation. Evidence is presented for the formation 
of hydrogen peroxide during oxygen utilization by the enzyme prepara- 


tion. The significance of the above results is discussed in relation to the | 


mechanism of synthesis and oxidation of butyrate. 
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ENZYME SYSTEMS IN TETRAHYMENA GELEII S* 


III. AEROBIC UTILIZATION OF HEXOSES 


By GERALD R. SEAMAN 


(From the Carter Physiology Laboratory, University of Texas Medical Branch, 
Galveston, Texas) 


(Received for publication, January 9, 1951) 


The utilization of glucose, fructose, mannose, and galactose by various 
species and strains of ciliates in the Colpidiwm-Glaucoma-Tetrahymena group 
has been repeatedly indicated by growth experiments and by studies in- 
volving observations of acid formation by the organisms in media contain- 
ing the respective hexose (1-6). It has been suggested (4, 5) that the 
ability to ferment various carbohydrates may be utilized as an index for 
differentiating members of this group. Loefer (6) found that different 
strains of Tetrahymena geleii form acid in various constant amounts when 
grown in glucose-, fructose-, mannose-, or galactose-containing media. He 
suggests that these differences may form the basis of differentiating the 
strains. 

Loefer (7) has shown that acid production by organisms grown in glucose- 
containing media is actually accompanied by a disappearance of the carbo- 
hydrate from the medium. Baker (8) found that approximately half of 
the aerobically assimilated glucose is stored by Tetrahymena. 

In the course of the anaerobic utilization of glucose by 7’. geleiz there is 
no carbon dioxide release (9). The formed carbon dioxide is assimilated, 
forming succinate as one of the final products of the fermentation (9, 10); 
the fixation reaction apparently involves lactate. It was thus held that 
the intermediate stages in the breakdown of glucose to lactate by Tetra- 
hymena are identical with those of the conventional Meyerhof-Embden- 
Parnas scheme of glycolysis. 

The present investigation was undertaken to establish the pattern of 
growth and of acid formation when the S strain of 7’. geleit is grown in 
media containing the various hexoses and to obtain information concern- 
ing the utilization and metabolism of hexoses by this strain. 


Methods 


Pure cultures of 7’. geleii S were maintained at 26° + 2° in 250 ml. 
Erlenmeyer flasks containing 100 ml. of 1.5 per cent Difco proteose-peptone 
plus 0.2 per cent Difco yeast extract. Transfers were made each 48 hours 
with 1.0 ml. inoculations. 


* Aided in part by a grant-in-aid from the American Philosophical Society. 
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For use, 48 hour cultures were concentrated by centrifugation at 100 X g| 0.01° 
(11), washed three times with distilled water, and finally concentrated to decir 
a volume of approximately 1 ml. (14 to 20 mg. of dry weight of cells). The Gi 
washed concentrate was homogenized by hand for 2 minutes in a Potter- 
Elvehjem grinder at 0-4°. The homogenate was then diluted to a total 
volume of 2.0 ml. 

Utilization of the hexoses was studied by incubating the homogenate 
in a modification of the mixtures described for use with mammalian tis- 
sues (12, 13). It was found that maximal hexose utilization occurred in 
a mixture of the following composition (micromoles per flask): KH»2PO,, 
24.0; KHCOs;, 200.0; nicotinamide, 300.0; adenosinetriphosphate! (potas- 
sium salt), 5.2; diphosphopyridine nucleotide,!:? 2.3; fructose-1 ,6-diphos- 
phate (potassium salt), 4.0; hexose, 30.0; MgCh, 5.5; cytochrome c,!:!' 
0.0012; KF, 50.0. The pH of the mixture was 7.0. 

A 0.3 ml. aliquot (2 to 3 mg. of dry weight of cells) of the homogenate 
was added to the appropriate reaction mixture in a Warburg vessel (final 
flask volume in all cases, 3.0 ml.) and was placed in the water bath at 27.5°. 
A second aliquot of the homogenate was dried to constant weight at 80° 
(11). After an equilibration period of 8 minutes, the reducing sugar and 
inorganic phosphorus content of the mixtures was determined. The con- 
tent of these components of the reaction mixture was again determined 
at the termination of a 30 minute incubation period. Fig. 1 shows that 
the incubation mixture is capable of maintaining hexose metabolism at a 
constant rate for this period. Reducing values were ascertained by the 
method of Nelson (16) after barium and alcohol extraction (14). Phos- 
phorus was determined by the method of Fiske and Subbarow (17). 

All experiments were carried out in a gas atmosphere of air. Oxygen 
uptake was measured in all experiments by the conventional direct method. 
All data were calculated as micromoles per hour per 10 mg. of dry weight 
of cells. 

Endogenous values were obtained by incubating 0.3 ml. of homogenate 
with the experimental mixture, hexose being omitted. In such cases, there 
was no removal of inorganic phosphorus and only a very small oxygen up- 
take. The endogenous oxygen uptake was subtracted from that obtained 
in the presence of the hexose. 

Initial and final concentrations of phosphoglyceric acid were determined 
by the method of Meyerhof and Schulz (18). For these determinations 
a standard model Hilger polarimeter was used. With this instrument | 


1 Obtained commercially from the Sigma Chemical Company, St. Louis. 

2The product used was 54 per cent pure upon spectrophotometric assay (14). 
Concentration calculated on basis of 100 per cent purity. 

3 Obtained commercially from the Schwarz Laboratories, New York. 

4 Standardized spectrophotometrically (15). 
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10 X gi 0.01° of rotation may be read directly; estimations were made to the third 
ited to| decimal place. 
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Fie. 1. Effect of CuCl: on hexose utilization by homogenates of 7’. gelett S. Incu- 
‘mined bation mixture as indicated in the text. Temperature, 27.5°; gas phase, air. Curve 
rations 1, glucose utilization. Curve 2, glucose utilization in the presence of 0.024 um of 
CuCl, per flask and utilization of fructose, mannose, and galactose in the presence 
and in the absence of 0.024 um of CuCly. Curve 3, oxygen utilization in the presence 
of glucose. Curve 4, oxygen utilization in the presence of glucose and 0.024 um of 
yy (14). CuCl, and oxygen uptake in presence of fructose, mannose, and galactose with and 
without added CuCl. Curve 5, phosphorus esterified in the course of glucose, 
fructose, mannose, and galactose utilization, with and without added CuCl. Each 
value represents the mean of at least five determinations. 
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by inoculating organisms, with the aid of a bacteriological loop, into 10 ml, | is id 
of medium containing 1.0 per cent Difco proteose-peptone, 0.2 per cent 4.9 
Difco yeast extract, and 1.0 per cent of the respective hexose. Control | 5.1, 
cultures, containing no added hexose, were maintained simultaneously. | pho 
The initial pH of all cultures was determined with the aid of a Beckman 
glass electrode meter, and the cultures were incubated at 26° + 2° for 
58 hours. At the end of this period, the pH of the various media was 
again ascertained. Growth of the cultures was observed turbidimetrically 
with the aid of a Klett photoelectric colorimeter (19). 


TABLE I 


Hexose Utilization, Phosphorus Esterification, and Oxygen Utilization by Homogenates 
of T. geleit S { 
Incubation mixture as indicated in the text, except that, when indicated, fluoride 
was omitted. Temperature, 27.5°; gas phase, air; incubation period, 30 minutes. 
Each value represents the mean of nine determinations. 





uM per hr, per 10 mg. 





























Hexose added | Hexose utilized —- Oxygen utilized 
Fluoride | Fluoride Fluoride Fluoride | Fluoride 
present omitted present present | omitted 
—_— | ——__—— 
rs ar 4.7 5.3 3.8 - 7.2 
Fue oo as 2.8 4.1 5.5 2.5 5.8 
DNMNASITID eS Sie ee as eas 2.7 4.0 5.4 2.6 5.8 
Galactose.......................,| 2.8 4.2 5.0 2.4 5.7 
| 
Results 


Table I shows the data obtained when glucose, fructose, mannose, and 
galactose are utilized aerobically by 7’. geleit S in the presence and in the 
absence of fluoride. In the absence of the inhibitor, as would be expected, 
the rate of utilization of each hexose, and of the accompanying oxygen 
utilization, is greater than in the presence of fluoride. This higher rate 
may be accounted for by the removal of the enolase block (20) and by the 
oxidation of the end-products of the glycolytic reactions. The rate of 
glucose utilization in both the presence and in the absence of fluoride is 
slightly greater than the rate of utilization of either fructose, mannose, or 
galactose. The rates of utilization of these latter three hexoses are iden- 
tical, both in the presence and in the absence of fluoride. The rate of | 
esterification of phosphorus in the presence of fluoride is the same, re- 
gardless which of the four hexoses is utilized. Phosphorus determinations 
were not made in experiments in which fluoride was omitted. 

The rate of formation of phosphoglyceric acid in the presence of fluoride 
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is identical, regardless which of the hexoses is utilized. The recovery of 
4.5 wm per 10 mg. per hour (range of sixteen determinations was 3.7 to 
5.1 uM) approaches the theoretical yield of 1 um formed per micromole of 
phosphate esterified. 
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TIME IN HOURS 
Fig. 2. Growth of 7. geleii S in hexose-containing media. Basal medium, 1.0 
per cent proteose-peptone plus 0.2 per cent yeast extract. Hexose added in concen- 
trations of 1 per cent. Temperature 26° + 2°. Curve 1, basal medium. Curve 2, 
basal medium plus glucose. Curve 3, basal medium plus fructose. Curve 4, basal 
medium plus mannose. Curve 5, basal medium plus galactose. Each value repre- 
sents the mean obtained from seven cultures. 
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The ability of 7’. geleti to utilize glucose at a greater rate than the other | In th 


hexoses, with an accompanying greater oxygen utilization, was thought 
to be due to the activity of glucose dehydrogenase. The presence of this 
enzyme in 7’. geleii has been demonstrated (11). Therefore, CuCl, which 
inhibits this dehydrogenase (21), was added (0.024 uo per flask) to the 
fluoride-containing mixture, and the rates of hexose utilization, phosphorus 


esterification, and oxygen uptake were measured. Fig. 1 shows that cop- | 


per decreases the rate of glucose utilization to the level of that of the other 
three hexoses. Likewise, in the presence of copper, the oxygen uptake 
which accompanies glucose utilization is decreased proportionally. The 
added inhibitor has no effect on the metabolism of fructose, mannose, or 
galactose. In no case was there any significant effect on the rate of phos- 
phorus utilization. 

When T’. geleit S is cultured in the presence of glucose, mannose, or 
galactose, the rate of growth is increased (Fig. 2). The greatest stimu- 
latory effect is afforded by mannose (44 per cent above the control). Equal 
stimulation (26 per cent) is provided by glucose and galactose. The ad- 
dition of fructose to the growth medium, however, has no significant effect 
on the rate of growth. 

There is thus no apparent correlation between the effect of a hexose on 
the rate of growth and the utilization of the compound (cf. Table I). Also, 
contrary to the findings of Kidder (4) and Kidder and Dewey (5), the 
effect of the various hexoses on growth is not correlated with the rate of 
acid production by the organisms. The pH of the various hexose-contain- 
ing media after 58 hours growth was for fructose 5.7, glucose 5.8, man- 


nose 6.4, galactose 6.8. The pH in the control medium was 7.7. The ini- , 


tial pH in all cases was 7.0. 


DISCUSSION 


From the data presented, it is possible to construct a balance sheet for 
the aerobic metabolism of hexoses by 7’. geleii S. For such calculations, 
only values obtained in the presence of fluoride are used. The esterifi- 
cation of 5.3 um of phosphorus (Table I) indicates that 2.7 um of glucose 
utilized are metabolized via aerobic glycolysis. The recovery of 4.5 uM 
of phosphoglyceric acid indicates that 4.5 um of 3-phosphoglyceraldehyde 
must, likewise, have been formed in the course of the utilization. This 
amount of phosphoglyceraldehyde requires 2.3 um of oxygen for conver- 
sion to 1,3-diphosphoglyceric acid. This then leaves 0.7 um or 21 per 
cent of the glucose utilized to be oxidized by 1.5 um of oxygen. This 
oxidation is effected by glucose dehydrogenase; when the dehydrogenase 
is inhibited by copper (Fig. 1), the oxygen utilized may all be accounted 
for by the amount required for the oxidation of phosphoglyceraldehyde. 
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In the presence of copper, the ratio of glucose utilized to phosphorus es- 
terified is the theoretical value of 2 (Fig. 1), indicating that all of the glu- 
cose utilized undergoes aerobic glycolysis. 

In like manner, in the course of the utilization of fructose, mannose, 
and galactose, respectively, the ratio of phosphorus esterified to phospho- 
slyceric acid formed approaches unity, as does the ratio of oxygen uptake 
to hexose utilized. The phosphorus to oxygen ratio has the theoretical 
value of 2. Therefore, it is readily seen that the entire amount of these 
hexoses which is utilized undergoes aerobic glycolysis. 

The observation that the rate of phosphorus esterification is identical, 
regardless which hexose is utilized, indicates that the respective hexoses 
are “activated” at the same rate. Since it is difficult to visualize two or 


' more specific hexokinases activating their specific substrates at identical 
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rates, it is suggested that in T'etrahymena there is a single hexokinase which 
is capable of activating the individual substrates indiscriminately. 


SUMMARY 


Tetrahymena geleii S utilizes fructose, mannose, and galactose at a rate 
of 2.8 um per hour per 10 mg. of dry weight of cells. The entire amount 
may be accounted for by aerobic glycolysis. The rate of utilization of 
glucose is slightly higher, 3.4 um per hour per 10 mg. of dry weight of cells. 
84 per cent of the utilized glucose undergoes aerobic glycolysis. The re- 
maining amount is oxidized via glucose dehydrogenase. 

The rate of phosphorus esterification is identical, regardless which of 
the hexoses is utilized. It is thus suggested that in 7’. geleit S there is a 
single hexokinase which indiscriminately activates the individual hexoses. 

The rate of growth of 7. geleti is increased 44 per cent by the addition 
of mannose to the culture media, and 26 per cent by the addition of glu- 
cose or galactose. Fructose has no effect on the rate of growth. 

The amount of acid formation in cultures containing the respective 
hexoses is in the order of glucose = fructose > mannose > galactose. 
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In 1938, Meyerhof, Ohlmeyer, and Mohle (1) reported that diphospho- 
pyridine nucleotide (DPN) reacted with cyanide or bisulfite to form com- 
plexes having absorption spectra resembling that obtained by enzymatic 
reduction of DPN. They proposed that addition of cyanide or bisulfite 
occurred at the double bond between nitrogen and carbon in the pyridin- 
ium ring. 

In the present paper, it is shown that the ability to form a complex with 
cyanide is a general property of N-substituted nicotinamide compounds. 
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Data are presented on the kinetics of the reaction with DPN and on cer- 
tain properties of the product, and the application of the reaction to meas- 
urements of DPN concentration is described. 


Materials 


Most of the experiments with DPN were carried out with samples of 53 
per cent purity obtained from the Schwarz Laboratories. A sample of 77 
per cent purity! gave the same restlts. N-Methylnicotinamide and N- 

-methylnicotinic acid were obtained through the kindness of Dr. Victor A. 
Najjar. The triphosphopyridine nucleotide (TPN) was a sample of 73 
per cent purity.' Nicotinamide mononucleotide, as well as the potato en- 

* Aided by a grant from the American Cancer Society, as recommended by the 


Committee on Growth of the National Research Council. Contribution No. 8 of 
the McCollum-Pratt Institute. 


1 Prepared from liver by unpublished method of Kornberg and Horecker. 
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zyme (2) catalyzing the formation of the latter from DPN, was kindly reager 
supplied by Dr. Arthur Kornberg. The enzyme catalyzing the removal of ml. J 


nicotinamide from DPN was prepared from extracts of zinc-deficient Neu- added 

rospora (3) and was purified as described in a later paper of this series (4). to dis: 

Crystalline triose phosphate dehydrogenase was prepared according to sampl 

Cori, Slein, and Cori (5). Crystalline alcohol dehydrogenase was prepared ter wi 

according to Racker (6). curve. 
Methods 

Spectrophotometric measurements were made with a Beckman model Ats 


DU spectrophotometer, with plastic cells of 1 cm. light path. For routine Derive 
measurements of the cyanide complexes, 3 ml. of 1.0m KCN (pH 11) were DPN 


mixed with 0.1 to 0.5 ml. of the N-substituted nicotinamide derivative. |  tribut 
It was necessary to subtract a blank value for the reading given by cyanide appea 
alone at the same final concentration in the same cell. - much 
Enzymatic measurements of DPN by means of alcohol dehydrogenase 260 m 
were ordinarily carried out as follows: 2.5 ml. of a solution of 0.5 m ethanol based 
in 0.1 m tris(hydroxymethyl)aminomethane (pH 10.1) were mixed with 0.1 hydro 
to 0.5 ml. of the unknown DPN solution. 0.1 ml. of a crystalline yeast | for re 
alcohol dehydrogenase solution containing 25 y of protein was added, and analy’ 
the total increase in reading at 340 my was noted. The enzymatic reac- a met 
tion was over in less than 3 minutes. From the equilibrium data of reduc 
Schlenk et al. (7) and Racker (6), it is clear that the DPN is practically The 
completely converted to the reduced form under these conditions. The in the 
value of 6.3 (8, 9) for the millimolar extinction coefficient of reduced DPN guish: 
was used for calculating the DPN content of the sample. | extine 
For measurements of the reducing group which appears on cleavage of amide 
the nicotinamide-ribose linkage of DPN, most of the usual methods of with | 
measuring reducing power were found to be inapplicable. DPN itself a peal 
showed apparent reducing power with alkaline copper reagents or the alka- This | 
line ferricyanide reagent, as well as with hypoiodite (10) or acid bromine N-me 
water. It was finally noted that the Tauber-Kleiner modification of Bar- (13). 
foed’s reagent (11), an acidic copper reagent, showed very little reduction Th 
when heated with DPN at 100° for 3 minutes, while the product formed and r 
from DPN on cleavage of the nicotinamide-ribose linkage (enzymatically both 
or by heat) gave as much reduction as an equivalent quantity of free | for th 
ribose. In order to obtain more satisfactory proportionality between con- Oth 
centration of sugar and extent of reduction, the reagent was further modi- tural 
fied by addition of 20 gm. of sodium acetate per 100 ml. Sulfate ions neces: 
prevent copper reduction with this reagent. nicoti 
Measurements were carried out as follows: 0.5 ml. of sample, containing actior 
0.5 to 1.5 um of reducing sugar, was mixed with 0.5 ml. of the modified those 
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reagent and heated for 3 minutes at 100° in a covered tube marked at 10 
ml. After cooling, 0.5 ml. of Nelson’s arsenomolybdate reagent (12) was 
added, followed by 0.5 ml. of 1.0 m trisodium citrate. The latter served 
to dissolve the precipitate formed from DPN and arsenomolybdate. The 
samples were diluted to 10 ml. and read in a Klett photoelectric colorime- 
ter with filter No. 66. The results were calculated from a ribose standard 
curve. 


Results 


Atsorption Spectra of Addition Compounds of Cyanide with Nicotinamide 
Derivatives—Fig. 1 shows that cyanide alters the absorption spectrum of 
DPN in two ways: (a) it lowers the peak at 260 my by abolishing the con- 
tribution of the pyridinium ring at this wave-length and (6) it causes the 
appearance of a new peak at 325 mu. The resulting spectrum is very 
much like that of reduced DPN, which shows diminished absorption at 
260 my and a new peak at 340 my. The millimolar extinction coefficient, 
based on concentration determined by complete reduction with alcohol de- 
hydrogenase, is 6.3 for the DPN-CN complex at 325 my, compared to 6.3 
for reduced DPN at 340 mu (8, 9). It is apparent, therefore, that for 
analytical purposes the measurement of the DPN-CN band would provide 
a method for DPN equal in sensitivity to the usual measurement of the 
reduced DPN band. 

The spectra obtained with other N-substituted nicotinamide compounds 
in the presence of cyanide are shown in Fig. 2. TPN is almost indistin- 
guishable from DPN, since it shows a peak at 325 my and a millimolar 
extinction coefficient of 6.6. Nicotinamide mononucleotide and nicotin- 
amide nucleoside give absorption values with cyanide which are identical 
with that of the intact pyridine coenzyme. N-Methylnicotinamide shows 
a peak which is much lower and is shifted toward the longer wave-lengths. 
This shift toward the longer wave-lengths is also observed when reduced 
N-methylnicotinamide is compared with the reduced pyridine nucleotides 
(13). 

The spectra of free nicotinamide, N-methylnicotinic acid (trigonelline), 
and reduced DPN are unaffected by eyanide. It may be concluded that 
both the amide group and the quaternary nitrogen in the ring are essential 
for the reaction with cyanide. 

Other Addition Reactions with Nicotinamide Derivatives—The above struc- 
tural requirements for the reaction with cyanide are the same as those 
necessary in the fluorometric method for the estimation of N-substituted 
nicotinamide by reaction with acetone in alkaline solutions (14). The re- 
action with acetone leads to products with absorption spectra similar to 
those obtained with cyanide (Fig. 3). 
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Whereas the reaction of DPN with cyanide or acetone becomes more | 
complete as the pH is raised, the formation of a DPN-bisulfite complex 
occurs best at neutral reaction, the complex being dissociated as the pH is 
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Fig. 1. Absorption spectra of DPN, reduced DPN, and DPN-cyanide complex 
at pH 11. DPN was a sample of 77 per cent purity, as determined by alcohol de- 
hydrogenase (Sample C, Table II). Reduced DPN prepared enzymatically with 
alcohol dehydrogenase. , 

Fig. 2. Absorption spectra for TPN and N-methylnicotinamide in 1.0 m KCN 
at pH 11. 
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Fic. 3. Absorption spectra of acetone-DPN (Curve A) and acetone-methylnico- 


tinamide (Curve B) complexes. Reaction carried out in 1.0 mM acetone-0,01 n NaOH 
solution, 
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raised (Table I). That the lowering in extinction with increasing pH rep- 
resents dissociation of the DPN-bisulfite complex can be demonstrated by 
addition of cyanide to the alkaline mixture, which results in an increase in 
extinction due to reaction of cyanide with free DPN. 

The reactions of DPN with cyanide and bisulfite suggest that the reac- 
tive double bond in DPN exhibits certain properties in common with the 
carbonyl group. The effect of various substances known to interact with 
carbonyl groups was, therefore, investigated. 

Among the common carboryl reagents, hydroxylamine and hydrazine 
are without effect on the absorption spectrum of DPN. Sulfhydryl com- 
pounds are known to form addition compounds with aldehydes. How- 
ever, glutathione in a concentration of 0.1 M was without effect on the 
absorption spectrum of DPN in the range pH 3 to 10. 

It is believed that phosphate in certain biological systems may form ad- 


TABLE I 
Effect of pH on Formation of DPN-Bisulfite Complex 


0.64 um of DPN added to 3 ml. of 5 per cent NaHSO; and pH adjusted with NaOH. 
Total volume 3.2 ml. 














pH Exo Millimolar extinction 
5.8 0.295 1.47 
6.8 0.672 3.36 
8.0 0.611 3.05 
9.5 0.432 2.16 





dition compounds with carbonyl groups prior to oxidation to the corre- 
sponding acyl phosphate (15). No spectral evidence could be found for 
an addition reaction between phosphate (primary, secondary, or tertiary) 
and DPN at phosphate concentrations up to 1.0 mM. There is evidence, 
however, that some type of interaction between phosphate and DPN does 
occur, in view of the striking effect of phosphate on the rate of cleavage of 
DPN by heat, which is shown later in this paper. An addition reaction 
between phosphate and DPN might be of biological significance in con- 
nection with the “coupling” between phosphate esterification and electron 
transport through the pyridine nucleotide system. 

Effect of pH and Cyanide Concentration on Rate and Extent of Reaction 
with DPN—In 1.0 mM KCN (pH 11), all of the added DPN is converted to 
cyanide complex in less than 1 minute at 25°; the reaction with 0.01 m 
KCN at pH 11 requires about 20 minutes to reach equilibrium, and at 
equilibrium about one-half of the DPN has been converted to the cyanide 
complex (Fig. 4). 

In 1.0m KCN at pH 8.2, all of the added DPN is also converted to cy- 
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anide complex, but the reaction requires about 10 minutes for completion. } The 
At this pH, the concentration of cyanide required to convert one-half of the ¢ 
the DPN to the complex is about 0.1 m and the reaction requires about 50 when 
minutes to reach equilibrium. pears 
It is clear that in most manometric experiments in which cyanide is used Us 
as an inhibitor of tissue respiration there would be a negligible binding of 




















strai 
DPN at the cyanide and hydrogen ion concentrations ordinarily used. | ; 
However, in spectrophotometric measurements of the rate of enzymatic 
oxidation or reduction of the pyridine nucleotides, the use of high concen- 
trations of cyanide as a trapping agent for carbonyl compounds would 
give entirely erroneous results, as Meyerhof, Ohlmeyer, and Mohle (1) 
have pointed out. 
Some Properties of DPN-CN Complex—As one would expect from the } 
107 10M KON 
FY O.1M KCN | 
OS O.OIM KCN 
m 
. } 
02+ O.00IM KCN 
fo) 5 10 15 20 | 
MINUTES 
Fig. 4. Rate of formation of DPN-CN complex with varying cyanide concentra- 
tions at pH 11. 800 y of Schwarz DPN in a total volume of 3 ml. 
high concentration of cyanide necessary to transform all of the added iar 
DPN, the DPN-CN complex is unstable and dissociates rapidly when the | The ¢ 
cyanide concentration is lowered. This is illustrated in Fig. 5, which 1000) 
shows the rapid fall in extinction when the complex, prepared at a high Fic 
cyanide concentration, is diluted. That DPN is regenerated can be dem- CN er 
onstrated by addition of alcohol and alcohol dehydrogenase, which results ia 
in a rapid restoration in extinction to approximately the original level. } densi 
Because of the instability of the complex, no attempt has been made to conts 
isolate it. minu 
The DPN-CN complex resembles reduced DPN not only in its absorp- - Th 
tion spectrum but in certain chemical properties. Like reduced DPN, it absot 
is instantaneously destroyed by acidification at room temperature. The paris 
band at 325 my disappears immediately, and in this case no DPN is re- | tides. 
generated, as determined by addition of alcohol and alcohol dehydrogenase other 
to the neutralized solution. | lows: 


As in the case of reduced DPN, the DPN-CN complex is fluorescent. | dehy 
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The fluorescence of the latter per mole is one-fourth of the former under 
the conditions of measurement. The rate of appearance of fluorescence 
when DPN is added to different concentrations of KCN parallels the ap- 
pearance of the absorption band at 325 my. 

Use of Cyanide Reaction for Analytical Purposes—Fig. 6 shows that a 
straight line relationship exists between DPN concentration and optical 
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Fie. 5. Rate of dissociation of DPN-CN complex after dilution from 1.0 m to 
0.001 m KCN. 25 mg. of Schwarz DPN were dissolved in 0.5 ml. of 1.0 Mm KCN. 
The concentrated solution was diluted 1000-fold and readings (optical density X 
1000) were taken immediately after dilution. 

Fig. 6. Proportionality between DPN concentration and optical density of DPN- 
CN complex. Readings were carried out in a total volume of 3 ml. in a m cyanide 
solution (pH 11). Preparation A of DPN (Table II) was used. 


density at 340 my when different amounts of DPN are added to a solution 
containing KCN in a final concentration of 1.0 m and readings are taken 1 
minute or longer after mixing. ’ 

The measurements are ordinarily made at 340 muy rather than at the 
absorption maximum (325 my) because this permits more convenient com- 
parison with measurements of enzymatic reduction of the pyridine nucleo- 
tides. For example, the extent of contamination of a DPN sample with 
other nicotinamide riboside compounds can readily be determined as fol- 
lows: The DPN is subjected to complete reduction by means of alcohol 
dehydrogenase. Aliquots of the solution are then diluted in 1.0 mM NazCO; 
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and 1.0 mM KCN, respectively, and the optical densities at 340 mu are com- 
pared. With pure DPN, the readings will be identical. The extent of 
extra absorption in KCN is a direct measure of the degree of contamination 
with other nicotinamide riboside compounds. Several DPN samples (A 
and B in Table II) so tested were found to contain the above impurities to 
the extent of about 15 to 20 per cent of the true DPN content, while a 
third sample (C), purified by ion exchange chromatography, was almost 
free of this type of impurity. The latter sample was therefore used for 
establishing the true molecular extinction of the DPN-CN complex (Fig. 
1). Once this value was established, the apparent DPN content of the 
other samples could be estimated by the cyanide method. 


TaBLeE II 
_ Comparisons of Determination of Purity of DPN 'N by Various Methods 














iy 
| DPN yurityt from reduc- 
: DPN purity by* absorption’ DPN ——. ba cyanide | E yt 
Preparation | tion by alcohol 
at 260 my, pH 11 ee dehydrogenase 
A§ 82.5 55.0 44.5 
Bil 78.0 60.7 | 52.7 
CI 84.2 | 77.0 bie0 
| 








* Calculated toons a tnillimolar extinetion eouhinns of 18. 0 for auidiued DPN at 
260 mz. 

{ Calculated from a millimolar extinction coefficient of 5.15 for DPN-cyanide 
complex at 340 my. 

t Calculated from a millimolar extinction coefficient of 6.3 for enzymatically 
reduced DPN at 340 mu. 

§ 3 year-old sample prepared by unpublished method of Ochoa. 

|| Schwarz Laboratories preparation. 

| Purified by chromatography by unpublished method of Kornberg and Horecker. 


Table II shows that the apparent DPN content of Samples A and B, as 
determined by the cyanide reaction, is distinctly higher than the true DPN 
content, as measured enzymatically. The cyanide values are, however, 
considerably closer to the true values than are those calculated from ab- 
sorption measurements at 260 mu. With Sample C, the three methods of 
analysis are in agreement when the indicated constants are used. 

Use of Cyanide Reaction in Enzymatic Studies—The enzymatic cleavage 
of the nicotinamide-ribose linkage can be followed very conveniently by 
means of the cyanide reaction. Cleavage of this type is catalyzed by an 
enzyme in brain (16) which acts on the oxidized forms of DPN and TPN. 
An enzyme having similar specificity has been found in high concentrations 
in extracts from zinc-deficient Neurospora (3). When DPN is incubated 
with either of these enzymes in the presence of an appropriate buffer, and 
samples are withdrawn at intervals and added to 1.0 mM KCN, which 
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serves to stop the reaction by converting any remaining DPN to the en- 
zyme-resistant cyanide complex, the decrease in optical density of the 
cyanide mixture is a direct measure of the extent of cleavage. With pure 
samples of DPN, the reaction proceeds to complete disappearance of the 
cyanide complex. With samples containing the impurity mentioned 
above, about 15 per cent of the original optical density remains when the 
reaction is complete (see Table III). 

When DPN or TPN is the substrate, the cleavage of the nicotinamide- 


TaBLeE III 


Comparison of Potato Pyrophosphatase and Neurospora DPNase Activities As 
Measured by Cyanide and Alcohol Dehydrogenase Methods 

1.2 mg. of Schwarz DPN (53 per cent purity) used in each enzyme experiment. 
The Neurospora mixture contained DPN, 0.4 ml. of 0.1 Mm KH2POx,, and 400 units of 
the enzyme in a total volume of 0.5 ml. Time of incubation 7.5 minutes at 37°. 
The potato pyrophosphatase mixture contained DPN, 0.4 ml. of 0.1 m phosphate 
buffer, pH 6.8, and 100 units of enzyme in a volume of 0.5 ml. Incubation was for 
10 minutes at 37°. Appropriate aliquots were taken for cyanide and alcohol de- 
hydrogenase determinations. 





Apparent DPN| DPN b 

















Enzyme system Treatment by cyanide | alcoho 
reaction dehydrogenase 

| BM pM 
Neurospora DPNase | Before incubation 0.932 0.775 
| After = 0.140 0.000 
LOL TESTO © aaa an RSG BAe eer aratr gt rhea wage. rare y pens Wl Fohey es 0.792 0.775 
Potato pyrophosphatase | Before incubation 0.984 0.845 
| After = 0.980 0.006 
0] 1) <n anil were ge en ces ctf na Se cep re 0.004 0.839 














ribose linkage can, of course, also be observed by adding an appropriate 
dehydrogenase system and measuring the amount of intact pyridine nu- 
cleotide remaining at any time by the total increase in optical density at 
340 my. Table III shows results obtained by the cyanide and dehydro- 
genase methods for. following the cleavage of DPN by the Neurospora en- 
zyme. With 5.15 for the millimolar extinction coefficient of the DPN- 
cyanide complex at 340 my and 6.3 for the reduced DPN, identical values 
for the splitting of DPN are obtained. 

The cleavage of DPN or TPN at the pyrophosphate linkage by means 
of potato nucleotide pyrophosphatase (2) is accompanied by no change in 
the optical density of the cyanide complex; thus in this case only the de- 
hydrogenase test serves to show the disappearance of the pyridine nucleo- 
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tides (Table III). By combining the cyanide and dehydrogenase meth- portant 
ods, it is, therefore, possible to determine whether the destruction of DPN | similar 
or TPN by a given cell extract is due to cleavage at the nicotinamide- The 
ribose linkage or at the pyrophosphate linkage, or both. By this method, | of clea 
however, no distinction could be observed between a primary cleavage of | 2 10-* 
DPN or TPN at the nicotinamide-ribose linkage and a secondary cleavage | becom 
of this linkage, which could occur after pyrophosphatase action if enzymes methy! 
were present which attacked nicotinamide nucleotide or nucleoside at this | “prote 
point. effects 

Use of Cyanide Reaction for Measuring Heat Lability of DPN—The link- | concen 
age in DPN which is most labile to heat in either acid or alkaline media is | €V€"> ‘ 























metha 
8 100 Fur 
KG 
* A e 
z E 
2 60r . TRI 
2 , A 
“6 Phospha 
id (4 : 
i. eae Te 
iz) 
x 3s 5 7 9 " 
pH 
Fic. 7. Effect of pH and salts on rate of splitting of DPN by heat. Splitting was 
determined by decrease in cyanide reaction after treatment at 100°. Hydrolysis 
was carried out in volume of 0.2 ml. 3 ml. of m KCN were added after treatment. | 
The values in the curve represent the difference between heated and unheated sam- 
ples. Curve A, phosphate; Curve B, tris(hydroxymethyl)aminomethane; Curve C, ik 
unbuffered. amid 
the nicotinamide-ribose linkage (17). The rate of destruction of DPN by os 
; i ‘i foed’ 
heat can, therefore, be measured conveniently by following the disappear- ; 
: , age see , ducir 
ance of the cyanide reaction. Fig. 7 illustrates the effect of pH on the t 
rate of splitting of DPN at 100°. Splitting occurs at all pH values but ye ° 
becomes much more rapid as the pH is raised above a certain critical value. ia ; 
The critical value depends on the nature of the buffer used; with phosphate i i 
the cleavage rate increases sharply at pH values above 6, while with tris(hy- . a 
droxymethyl)aminomethane buffer (TRIS) the cleavage rate does not rise sa d 
perceptibly until the pH exceeds 7.5. When various buffers (0.1 m) are ae 
compared at pH 7.5, it is found that tris(hydroxymethyl)aminomethane, DP} 
veronal, and acetate do not increase the cleavage rate significantly above the ‘ 
that found with unbuffered DPN at this pH, while phosphate and citrate y° 
increase the rate of splitting 3- to 4-fold; thus about 70 per cent of the 
DPN is destroyed in 5 minutes at 100°. It is clear that in experiments 2° 
involving the measurement of DPN in boiled tissue preparations it is im- prob 
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portant that the pH be held below 6 if phosphate, or other salts having a 
similar effect, is present.? 

The effect of different concentrations of phosphate or citrate on the rate 
of cleavage of DPN by heat is shown in Table IV. Concentrations as low 
as 10-* m have a perceptible effect on the rate of cleavage, and the effect 
becomes greater as the concentration is raised to 107 m. Tris(hydroxy- 
methyl)aminomethane in a concentration of 10-' m exerts a remarkable 
“protective” action, since it almost completely abolishes the stimulatory 
effects of phosphate and citrate, even when the latter salts are present in a 
concentration of 10-'m. Phosphate in a concentration of 1.0 m can, how- 
ever, overcome the protective action of 0.1 m tris(hydroxymethyl)amino- 
methane. 

Further evidence that heating DPN results in a cleavage of the nicotin- 


TasBLe IV 
Effect of Phosphate and Citrate on Rate of Cleavage of DPN at pH 7.6 at 100° 
TRIS represents 0.1 m tris(hydroxymethyl)aminomethane buffer. 











Phosphate or citrate Se aS 
concentration 
Phosphate alone Phosphate + TRIS Citrate alone Citrate + TRIS 
moles per l. per cent per cent per cent per cent 

0 14 25 27 
10-4 15 24 26 21 
10-3 26 26 33 22 
10-2 47 27 50 23 
107! 64 29 73 32 

















amide-ribose linkage has been obtained by measurements of reducing 
power. DPN gives no measurable reducing power with the modified Bar- 
foed’s reagent. Reducing power appears on heating under conditions pro- 
ducing no cleavage of the adenine-ribose linkage. After heating a 10 per 
cent solution of Schwarz DPN at 100° for 1 hour, while maintaining the 
pH at 7.8 by gradual addition of 0.1 Nn NaOH, a nucleotide was isolated as 
the barium salt which appeared to be identical with the product isolated 
after enzymatic removal of nicotinamide from DPN (4). It showed 0.9 
mole of reducing power per mole of adénine. It contained no free adenylic 
acid but readily yielded adenylic when heated with 0.1 N alkali. 

The appearance of reducing power on removal of nicotinamide from 
DPN has not been demonstrated previously and substantiates the view 
that the link between nicotinamide and ribose is glycosidic in nature. 

Reaction of Cyanide with Bound DPN—When a solution of crystalline 


2 The relatively slow rate of hydrolysis of unbuffered DPN at pH 9 (Fig. 1) is 
probably due to the fact that hydrolysis is accompanied by acidification. 
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triose phosphate dehydrogenase from muscle (5) is added to 1.0 m KCN, 3. 
the spectrum of the DPN-CN complex appears. From the height of the | of D! 
absorption band, the amount of DPN bound to the protein can be calcu- 

lated. A value of 1.5 moles of DPN per 100,000 gm. of protein was ob- 


tained, which is in fair agreement with the values of 1.2 and 2.0 given by 1.M 
Taylor et al. (18) from enzymatic reduction and chemical analyses, re- 2. K 
spectively. : : 
When the solution of triose phosphate dehydrogenase is reduced by , 5. C 
means of alcohol and alcohol dehydrogenase (6) at pH 10, the band of 6. R 
reduced DPN corresponds to a concentration of 1.9 moles of DPN per 7. Se 
100,000 gm. of protein. 8. H 
In either case, whether the bound DPN has boun ‘converted to cyanide by : 
complex or has been reduced by means of alcohol dehydrogenase, a very il. H 
heavy precipitate of protein appears within a few minutes. The addition 
of cysteine in a final concentration of 0.01 M greatly delays the appearance 12. N 
of the precipitate. It would seem that the conversion of the bound 13. H 
DPN to either the cyanide complex or the reduced form renders the pro- sales 
tein unstable, possibly by exposing sulfhydryl groups to oxidation. 15. L 


It appeared possible that the conversion of bound DPN to the cyanide | 16. 
complex was accompanied by dissociation of the pyridine nucleotide from 

the protein. The possibility of using cyanide to remove bound pyridine | 18.7 
nucleotides (19) from mitochondrial preparations was, therefore, investi- 
gated. It was found, however, that even repeated washing in the cold with 

an 0.1 m cyanide-0.05 m phosphate mixture of pH 8.0 failed to remove 
bound pyridine nucleotides from a preparation of rat liver mitochondria, 
since the cyanide-washed preparation catalyzed the reduction of dichloro- 
phenolindophenol by glutamate without the addition of pyridine nucleo- 
tides, at a rate equal to that found with a saline-washed preparation. 

One must conclude either that cyanide failed to form a complex with the 
bound DPN and TPN of the mitochondria, or that such a complex, if 
formed, did not dissociate readily from the proteins. Evidence that the 
bound DPN of mitochondria behaves differently from that in crystalline 
triose phosphate dehydrogenase, with respect to the action of DPN-de- 
stroying enzymes, will be presented in a later communication. / 


SUMMARY 


1. Cyanide reacts with N-substituted nicotinamide compounds to form 
dissociable complexes which are fluorescent and show absorption bands in 
the region of 340 mu. 

2. The kinetics of the reaction of cyanide with DPN has been studied 
in detail, and the use of this reaction for analytical purposes has been 
described, 
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, 3. Examples of the application of this reaction in studies of the cleavage 
¢ | of DPN by enzymes or heat and in studies of bound DPN are presented. ‘ 
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EFFECT OF ALKALI ON DIPHOSPHOPYRIDINE 
NUCLEOTIDE* 
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(From the McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, 
Maryland) 


(Received for publication, January 16, 1951) 


Alkali is known to split oxidized diphosphopyridine nucleotide (DPN) 
at the nicotinamide-ribose linkage (1). DPN has also been reported to 
yield adenosinediphosphate upon treatment with alkali (2). In contrast 
to the instability of oxidized DPN in alkali, reduced DPN is not influenced 
by alkali. This is the reverse of the stability in acid, in which reduced 
DPN is rapidly inactivated and the oxidized form is not affected (3). The 
present paper deals with the action of alkali on DPN and with a fluorescent 
product which results from strong alkali action. Data are also presented 
on the measurement of this fluorescent product as a sensitive method for 
determining DPN. 


Materials and Methods 


The DPN used in the experiments was largely a Schwarz preparation of 
53 per cent purity. Methylnicotinamide was a sample kindly furnished 
by Dr. V. A. Najjar; this product was recrystallized prior to use. The 
nicotinamide mononucleotide was prepared from DPN according to the 
procedure of Kornberg and Pricer (4). A barium salt of this compound 
was made by precipitation with 4 volumes of alcohol. 

DPN assay by the cyanide procedure was carried out as described in 
the preceding paper (5). Nicotinamide was determined by the colorimet- 
ric cyanogen bromide method outlined by Perlzweig (6). Reducing sugar 
was measured by the modified Barfoed procedure also described in the 
preceding publication (5). 

All fluorometric determinations were carried out on a Coleman flu- 
orometer with thiamine filters. ’ 


Results 


Rate of Destruction of DPN in 0.1 n NaOH As Measured by Cyanide 
Reaction—Fig. 1 shows the rate of splitting of the nicotinamide-ribose link- 


* Aided by a grant from the American Cancer Society, as recommended by the 
Committee on Growth of the National Research Council. Contribution No. 9 of the 
McCollum-Pratt Institute. 
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age in 0.1 n NaOH at 25° as measured by the cyanide reaction. In asso- 
ciation with the loss of the cyanide reaction, there is an appearance of 


reducing sugar as measured by the modified Barfoed’s reagent. Methyl- 


nicotinamide, when treated with 0.1 N NaOH, also loses its cyanide-binding 
properties at a rate slightly slower than DPN. 

Release of Adenylic Acid from DPN—When DPN is treated with alkali, 
adenylic acid is released (Table I), the free adenylic acid being assayed by 


the specific muscle adenylic acid deaminase (7, 8). As can be seen from 
) 
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Fig. 1. Effect of 0.1 n NaOH on DPN and N-methylnicotinamide at 25° 


TaBLeE I 
Effect of Alkali on Release of Adenylic Acid from DPN at 25° 














Per cent destruction of CN reaction Per cent release of adenylic ‘hi 
Time se 
0.1 Nn NaOH 1.0 n NaOH 0.1 N NaOH 1.0 Nn NaOH 
7 min. = 
15 54 44 4.8 8.3 
30 64 60 8.1 18.0 
60 68 69 16.4 27.6 
150 75 74 23.3 46.5 
1080 48.5 79.0 














the data in Table I, the nicotinamide-ribose linkage of DPN (as measured 
by the cyanide reaction) is much more sensitive to alkali than is the pyro- 
phosphate bond. This is indicated by the same rapid rate of disappear- 


ance of the cyanide reaction in 0.1 N and 1 N NaOH, whereas the rate of | 


adenylic acid release is dependent on the alkali concentration. Adenylic 
acid is not liberated from reduced DPN, even by treatment with 1 n NaOH 


for 30 minutes at 100°. Since the reduced nicotinamide-ribose linkage is | 


extremely stable in alkali, it seems, therefore, that the splitting of the py- 
rophosphate linkage of DPN in alkali may be dependent on the previous 
splitting of the molecule at the pyridinium riboside grouping. In fact, it 
has been found that adenylic acid is liberated from adenosinediphosphate 
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ribose (DPN without nicotinamide) by alkali at a rate somewhat faster 
than from intact DPN. 

Vestin et al. (2) have reported that adenosinediphosphate is a product of 
the alkaline hydrolysis of DPN. In our experiments no 7 minute acid- 
hydrolyzable phosphate appeared on treating DPN with alkali. However, 
treatment of DPN with normal NaOH at 100° resulted in a maximum re- 
lease of adenylic acid of 80 per cent from the DPN. This is based on a 
value of 53 per cent purity for the DPN, as determined by enzymatic 
reduction with aleohol dehydrogenase. The impurities which absorb at 
260 my apparently do not liberate adenylic acid on treatment with alkali, 
as reduced DPN yields only traces of free adenylic acid when treated under 
identical conditions. 
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Fig. 2. Effect of alkali concentration on the development of fluorescence with 
DPN. 40 y of 53 per cent DPN in each tube in a total volume of 8 ml. Reading of 
100 is equal to 400 y of 53 per cent DPN in 8 ml. of 0.1m KCN. Curve A, 5.0 N 
NaOH; Curve B, 1.0 n NaOH; Curve C, 0.1 n NaOH. 


Development of Fluorescence on Treatment of DPN with Alkali—It was 
noted that treating DPN with 0.1 N NaOH results in the formation of 
small amounts of a bluish fluorescent product. This fluorescence increases 
as the DPN-cyanide reaction diminishes. The amount of fluorescence de- 
veloped depends on the concentration of alkali (Fig. 2). The maximum 
fluorescence with strong alkali (6 Nn NaOH) is produced in about 30 min- 
utes at 25°. Heating DPN at 100° with 5 N alkali produces the optimum 
fluorescence in less than 10 minutes; however, no further increase in the 
amount of fluorescence takes place at this temperature than at room 
temperature.! 

On heating DPN at pH 11 (1 m NazCO;) at 100° for 15 minutes, the 
properties of the cyanide complex formation of DPN are completely lost, 
which indicates a complete cleavage of the nicotinamide-ribose grouping. 
However, no fluorescence appears on hydrolysis of DPN under these con- 


1 DPN of 53 per cent purity was used in most of the above experiments. Samples 
of higher purity (75 to 80 per cent) gave identical results. 








464 EFFECT OF ALKALI ON DPN 


ditions. Furthermore, addition of NaOH to the hydrolysate did not pro- 
duce fluorescence. Enzymatic hydrolysates of DPN at the nicotinamide- 
ribose linkage also do not yield fluorescent products when treated with 
alkali. This suggested the possibility that alkali was adding directly to 
the quaternary pyridinium moiety of intact DPN. 

Fluorescence of Compounds Related to DPN—Reduced DPN, which flu- 
oresces, does not produce further fluorescence when incubated with alkali. 
This is also the case with the cyaniae derivatives of DPN; previous treat- 
ment of the coenzyme with cyanide prevents a further reaction with alkali. 
The fluorescence produced by the action of alkali on DPN is 40 times as 
great as that of an equivalent amount of the DPN-cyanide complex and 10 
times as great as that produced by reduced DPN (Table IT). 


TaBLeE II 
Fluorescence of Compounds Related to DPN 


Fluorescence of DPN-CN complex taken as unity; Coleman fluorometer with 
thiamine filters. 














Relative 
Compound Treatment with fluorescence 

per mole 
DPN 1.0 m KCN 1 
ee NaS.0,4 in NaHCO; 4 
dy 5 n KOH 40 

N-Methylnicotinamide Oe 0.6 
DPN Acetone + KOH, then HCl* 160 
N-Methylnicotinamide | 3 + “ — ae | 100 





* Method of Levitas et al. (9). 


Nicotinamide mononucleotide, like DPN, yields fluorescence on treat- 
ment with alkali. Methylnicotinamide also forms a fluorescent compound 
on addition of 5Nn KOH. However, a much higher concentration of meth- 
ylnicotinamide is necessary to produce fluorescence equivalent to that 
given by DPN (Fig. 3). On a molar basis the ratio is 70:1. Addition of 
ribose during the reaction of alkali with methylnicotinamide does not. in- 
crease the intensity of the fluorescence which develops. 

The action of alkaline acetone on DPN, followed by acidification (pro- 
cedure of Levitas et al. (9) ) leads to a fluorescence which is 4 times as 
great as that of the alkaline product of DPN. The acetone product is not 
related to the alkaline product. Addition of acetone to the alkaline com- 
pound does not increase the fluorescence but actually destroys the fluores- 
cence. Acid increases the magnitude of fluorescence of the acetone prod- 
uct, whereas acidification of the alkaline product abolishes the fluorescence. 
It is of interest to point out that the acetone-binding properties of DPN 
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are lost rapidly after the addition of alkali. This would explain the neces- 
sity of rapid addition of acetone following alkali according to Levitas et al., 
as DPN condenses with acetone only in an alkaline medium. 

Table II indicates that methylnicotinamide yields fluorescence in the 
acetone procedure which is of the same order of magnitude as that pro- 
duced by DPN. In contrast, alkali treatment of DPN produces a much 
greater fluorescence than does an equivalent amount of methylnicotina- 
mide. This makes the alkaline method somewhat more specific for DPN 
with respect to methylnicotinamide than is the procedure of Levitas et al. 

Use of Alkali for DPN Measurements—The alkaline reaction can be used 
as an accurate assay of DPN in the range of 1 to 10 y (Schwarz) in a vol- 
ume of 8 ml. (see Fig. 3). An unknown sample (not more than 1 ml.) is 
made up to 8 ml. with 5 n NaOH, and, after standing for 30 minutes at 
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Fig. 3. Fluorescence of DPN and methylnicotinamide after treatment with 5 N 
KOH. Readings were taken 30 minutes after the addition of alkali. DPN concen- 
tration corrected for 53 per cent purity. 


room temperature, is read on a Coleman fluorometer with thiamine filters. 
As a standard one may use 400 y of Schwarz DPN plus 8 ml. of a mM cya- 
nide solution. This standard is stable for a period of over 3 hours. 

Some preliminary experiments have been performed on the application 
of this procedure to the determination of the pyridine coenzymes in crude 
boiled tissue juices. Its limitation is the possibility that other compounds 
may develop fluorescence in alkali under the conditions employed. How- 
ever, by employing a purified DPNase from Neurospora (8), which specifi- 
cally splits the nicotinamide-ribose linkages of only DPN and TPN, an 
accurate analysis of the coenzymes can be made. The difference between 
the alkaline fluorescence developed after treatment of a boiled juice sample 
with the enzyme and that of a non-treated sample represents the actual 
amount of intact nicotinamide coenzymes in the preparation. As men- 
tioned previously, this is due to the fact that the enzymatic splitting of 
DPN or TPN results in products which do not condense with alkali. An 
example of the use of the method is given in Table III. Further applica- 
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tion of the alkali method in determining DPN will be given in subsequent 
publications from this laboratory. 
Mechanism of Alkali Reaction of DPN—Table IV shows that when DPN 
is hydrolyzed by 0.1 N or 1.0 N alkali nicotinamide can be almost quanti- 
tatively recovered in the hydrolysate.2, However, when 5 N alkali is used, 
the yield of nicotinamide is only 30 per cent of the theoretical. Strong 
alkali under these conditions does not destroy free nicotinamide, as meas- 


ured by the cyanogen bromide reaction. This is indicated in the last 


TaBLeE III 
Determination of DPN in Hog Liver Juice by Combination of Alkaline Fluorescence 
and Neurospora DPNase 
Relative fluorescence per gm. of fresh hog liver. 





Pretreatment e . dal 
Wnireated with Nene: Destruction of fluorescence 





| spora DPNase due to DPNase 
IN. sks ois venice ess 980 980 
af Sof OUNISOME 20.5 5960 1862 4098 (Equivalent to 


205 y DPN) 





TaBLE IV 
Yield of Nicotinamide from DPN at Various Alkali Concentrations 





0.5 um of DPN treated with alkali for 60 minutes at 25°. Nicotinamide deter- | 


mined by cyanogen bromide method. 


| 


KOH concentration Yield of nicotinamide 


ns stestcchiescaarames ate 








moles per l. | uM Pee prey: theory 
0.1 | 0.42 84 
1.0 0.53 106 
5.0 0.15 30 


5.0* 0.61 122 





* DPN pretreated with DPNase. 


column of Table IV, which shows that, when DPN is preincubated with 
the Neurospora DPNase and then treated with 5 N alkali, no fluorescence 
develops and the yield of nicotinamide is close to the theoretical. The 
loss of nicotinamide in strong alkali occurs only when the nicotinamide is 
in the bound form. This finding suggests that a condensation occurs be- 
tween the pyridinium ring and the adjacent ribose, without cleavage of the 
nicotinamide-ribose linkage. 

When strong alkali is added to DPN, there is a very rapid rise in absorp- 

* Schlenk (13) has indicated that dilute alkali acting on DPN in the cold yields 


nicotinamide and ‘‘adenosinediphosphate ribose.’’ The same products result from 
the action of heat at neutral pH (5) and from the action of Neurospora DPNase (8). 
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tion at 340 my (see Fig. 4) before an appreciable fluorescence has developed. 
In the initial period after the alkali addition the absorption at 340 my is of 
a considerably greater magnitude than that at 360 my. There is a rapid 
decrease of this absorption at the 340 my peak, whereas that at 360 my 
declines at a much slower rate. At approximately 15 minutes after the 
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Fic. 4. Changes in ultraviolet absorption spectrum of DPN with time in 5 nN 
KOH. 200 y of 53 per cent DPN in a total volume of 3 ml. 
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TIME (MINUTES) 
Fig. 5. Effect of 5N KOH on DPN. Absorption at 340 my; 78 per cent DPN used 
in test in a total volume of 3 ml. Curve A, 0.23 um of DPN; Curve B, 0.115 um of 
DPN; Curve C, 0.046 um of DPN; Curve D, 0.023 um of DPN. Ordinate, Z X 10. 





introduction of the alkali, the absorptjon at 360 my becomes higher than 
that at 340 my. The decrease at 340 my with time can be correlated to 
the appearance of fluorescence (see Fig. 2). As will be discussed below, 
the fluorescent material has an absorption maximum at 360 mu. 

Fig. 5 shows the rapid increase in absorption at 340 my after the addition 
of strong alkali with varying amounts of DPN. In all the curves in Fig. 5 
& maximum is reached in 3 minutes and maintained for approximately a 
minute before falling off. This primary addition product of alkali to DPN 
has a maximum absorption at 345 mu (Fig. 6). This curve also shows 
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that the millimolar absorption of this primary compound is 18.5, which is 
3 times as great as that of reduced DPN (10, 11) or the DPN-CN complex 
(5). The curves in Fig. 5 indicate that the absorption at 340 muy after the 
addition of alkali can be used as a sensitive assay of DPN. For example 
156 y of DPN give an optical density change of 1.367 at 340 my 3.5 min- 
utes after the addition of strong alkali. On treatment with the purified 
Neurospora DPNase, the optical density drops to 0.044 when determined 
under the same conditions. This procedure is advantageous over the cy- 
anide method because of the greater sensitivity. However, it may not be 
as satisfactory for a large number of determinations, because the time after 
alkali addition for reading must be carefully controlled, whereas in the 
cyanide procedure the time factor is not involved. 
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Fig. 6. Absorption spectrum of primary alkali product of DPN. Value at each 
wave-length measured 3 minutes after addition of alkali. 


It thus appears that hydroxyl ion may add directly to the double bond 
of nicotinamide in DPN to form possibly a pseudobase in a manner simi- 
lar to the addition of cyanide (5). This unstable first product, which is 
low in fluorescence and has an absorption maximum at 345 mu, then under- 
goes rearrangement to a stable highly fluorescent compound having an ab- 
sorption maximum at 360 mu.’ 

Acidification of an alkali DPN reaction mixture immediately after the 
addition of the 5 n KOH results in almost complete loss of the absorption 
at 340 mp. When the mixture is again made alkaline, the band at 340 my 
reappears and falls off in the same manner as in Fig. 4. 

Purification of Fluorescent Product of Action of Strong Alkali on DPN— 
Some preliminary attempts have been made to purify this product by neu- 

3The millimolar absorption coefficient for the alkaline fluorescent product of 
DPN has been calculated to be approximately 7.5, assuming quantitative conversion 


of DPN to this product in 5 N alkali. However, conversion is probably not quan- 
titative, since some free nicotinamide is released. 
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tralizing the alkaline reaction mixture with HCl and then adding 10 vol- 
umes each of Ba(OH)2 and ZnSO, (12). In this procedure a large part of 
the adenine derivatives can be adsorbed on the barium sulfate, which is 
indicated by the decrease in absorption at 260 my. The initial 260:360 
ratio is about 5:1, whereas after treatment the ratio is about 2:1 (see 
Fig. 7). 

The far ultraviolet absorption maximum for the alkaline condensation 
product is shifted from 260 to 250 my. To test whether the absorption at 
250 my was related to the compound, auenylic acid and nicotinamide were 
heated with 5 N NaOH for 30 minutes. The absorption maxima of both 
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WAVE LENGTH 
(MILLIMICRONS ) 

Fig. 7. Absorption spectra of fluorescent product formed by action of 5 n KOH 
on DPN. NaOH and HCl concentration 0.01 n. Curve A, Ba-Zn filtrate + 
HCl; Curve B, Ba-Zn filtrate + NaOH; Curve C, Ba-Zn filtrate + NaOH + ultra- 
violet treatment. 





of these compounds were not influenced by the alkali. However, nicotin- 
amide mononucleotide after treatment with 5 nN NaOH shows a shift from 
a peak at 265 to a peak around 250 mu, along with the appearance of the 


| peak at 360 my (Fig. 8). This then is suggestive that the absorption at 


250 my is due to the alkali condensation product. The shift in the maxi- 
mum from 260 to 250 my is in agreenfent with the loss of nicotinamide 
after treatment of DPN with strong alkali. Fig. 8 also demonstrates that 


| the peak at 360 mu of the alkali-treated nicotinamide mononucleotide is 





| considerably higher than the far ultraviolet absorption (260 to 250 mu 


area). It is, therefore, very likely that the DPN product in the barium- 
zine filtrate (see Fig. 7) still contained adenine derivatives as impurities. 
It is very probable that the alkaline product of nicotinamide mononucleo- 
tide is identical with that of DPN. Work on the isolation of the alkaline 
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product of the mononucleotide is now in progress, and it appears that 
isolation of this product may be more fruitful because of the non-inter- 
ference of the adenylic acid moiety of DPN. 
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Fig. 8. Absorption spectra of nicotinamide mononucleotide and its 5 N alkali 
product. 0.18 um of mononucleotide in a total volume of 3 ml. in each test. 
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Fia. 9. Effect of pH on fluorescence of product formed from DPN + alkali. Flu- 
orescence is in arbitrary units. 


Fig. 10. Rate of destruction of fluorescent product from DPN and alkali tis ultra- 
violet light. 


Effect of pH on Fluorescence of Alkaline Product of DPN—<Addition of 
acid to the product of the action of alkali on DPN results in the immediate 
abolition of the fluorescence. Realkalinization instantly restores the flu- 
orescence. The reversibility is indicated by the pH-fluorescence curve 
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given in Fig. 9; half of the maximum fluorescence is obtained at pH 9.6, 
indicating that a group with a pK, of 9.6 is concerned in the manifestation 
of fluorescence. Heating with strong acid at 100° does not prevent the 
appearance of the fluorescence when the solution is made alkaline again. 

The difference between the acid and alkaline forms of the alkali conden- 
sation product is also manifested in the absorption spectrum (see Fig. 7). 
In alkali, a definite peak at 360 my occurs, whereas in acid the peak is 
shifted to 340 mu and is of a somewhat lower magnitude. 

Effect of Ultraviolet Light on Fluorescence—Ultraviolet light causes a 
rapid destruction of the fluorescence of the alkali product of DPN. This 
destruction is apparent even during fluorometric measurements when the 
sample is exposed to the ultraviolet source for more than a few seconds. 
Fig. 10 shows that complete loss of the fluorescence occurs in less than 30 
minutes when the compound is exposed to an ultraviolet lamp.4 Exam- 
ination of the absorption spectrum of the ultraviolet-treated material 


| shows a destruction of the peak at 360 mu (in alkali), whereas the far ultra- 
| violet absorption is not altered (Fig. 7). The acid peak at 340 my is also 


lost as the result of ultraviolet action. These data suggest that the group 
responsible for fluorescence is also responsible for absorption at 360 mu. 


SUMMARY 
Dilute alkali (0.1 to 1.0 N) causes a splitting of DPN at the nicotin- 


| amide-ribose linkage and also splits the pyrophosphate link of DPN to 
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form adenylic acid. Adenylic acid is released by alkali only after the 
nicotinamide-ribose grouping is broken. 

Strong alkali (5 N) acts on DPN and other nicotinamide ribosides to 
produce, without cleavage of the nicotinamide-ribose linkage, a stable flu- 
orescent product which can be used for the quantitative determination of 
the pyridinium coenzymes in the range of 0.5 to 1.0 y per ml. A method, 
used in conjunction with a specific DPNase from Neurospora, is presented 
in which TPN and DPN can be determined in crude tissue extracts. 
Methylnicotinamide also produces fluorescence on addition of alkali, but 
the intensity of fluorescence is only one-seventieth of that of DPN. 

Some properties of the alkaline fluoregcent product are discussed. Evi- 
dence is presented which indicates that the fluorescent compound may be 
a secondary condensation product formed from an intermediate pseudo- 
base resulting from the addition of hydroxyl ion to the nicotinamide nu- 
tleus of DPN. The pseudobase, which has an absorption maximum at 
345 my (millimolar extinction coefficient of 18.6), is relatively low in fluo- 
rescence but rapidly rearranges to a stable, highly fluorescent compound 
having a lower absorption maximum (7.8) at 360 mu. 


‘Keesey Engineering Company, model No. 93 L. S., Hollywood, California. 
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NEUROSPORA DIPHOSPHOPYRIDINE NUCLEOTIDASE* 


By NATHAN O. KAPLAN, SIDNEY P. COLOWICK, anp ALVIN NASON 


(From the McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, 
Maryland) 


(Received for publication, January 16, 1951) 


The cleavage by specific enzymes of diphosphopyridine nucleotide 
(DPN) at a number of different points in the coenzyme molecule is now 
well established. A splitting of DPN at the nicotinamide-ribose linkage 
in animal tissues has been described by Handler and Klein (1). This 
enzyme, which is usually referred to as DPN nucleosidase, has recently 
been studied in more detail in brain by Melllwain and Rodnight (2). 

Kornberg and Pricer have studied and purified an enzyme from potatoes 
which hydrolyzes DPN into adenylic acid and nicotinamide mononucleo- 
tide (3). A similar enzyme apparently also occurs in animal tissues (4). 
Kornberg (5) has also found an enzyme in yeast and liver which induces 
the reversible pyrophosphorolysis of DPN into adenosinetriphosphate and 
nicotinamide mononucleotide. 

An enzyme from Neurospora crassa has been detected which attacks the 
nicotinamide-ribose linkage of DPN (6). This enzyme appears in high 
concentrations in Neurospora grown on a zine-deficient medium. The pres- 
ent paper deals with the properties and purification of this enzyme, and 
the products which result from the enzymatic action. 


Methods 


Materialsx—The DPN used in these studies was obtained from the 
Schwarz Laboratories. The purity was 53 per cent, as determined by ab- 
sorption at 340 my after complete enzymatic reduction (7). The triphos- 
phopyridine nucleotide (TPN) used in these studies was a preparation of 
50 per cent purity. The nicotinamide mononucleotide was prepared by 
the action of potato nucleotide pyrophosphatase on DPN. Nicotinamide 
riboside was prepared by the action of intestinal phosphatase on DPN. 

Reduced DPN was prepared by mfxing 5 ml. of a 0.4 per cent solu- 
tion of DPN with 1 ml. of 0.5 m NaHCO; and 0.75 ml. of freshly prepared 
1 per cent sodium hydrosulfite in a Thunberg tube. After incubation in 
vacuo at 37° for 1 hour, the tube was chilled in ice before opening. 0.2 ml. 


* Aided by a grant from the American Cancer Society, as recommended by the 
Committee on Growth of the National Research Council. Contribution No. 10 of 
the McCollum-Pratt Institute. 
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of 0.1 Nn NaOH was added and a stream of oxygen was passed through the mat 


solution for 5 minutes at room temperature. mats 
Monohydro DPN was prepared by the method of Hellstrém (8) which | catio 
involves the reduction of DPN with hydrosulfite in 0.1 n NaOH. De- TI 


amino DPN was prepared chemically by the action of nitrous acid on DPN __resul 

(9) and also enzymatically by means of a deaminase which will be de- of th 

scribed in a subsequent publication. Acet: 
Adenylic acid deaminase of sufficient activity for spectrophotometric | trati 

adenylic acid assays was found to be present in a 0.1 mM K»HPO, extract 

of the precipitate formed on acidifying a neutral extract of rat muscle. 

The potato nucleotide pyrophosphatase was a highly purified preparation, 

containing 2200 units of enzyme per mg. of protein (3), which was kindly 

supplied to us by Dr. Arthur Kornberg. 


DPN Determination } 


DPN was determined by the cyanide procedure at 340 my and with 
crystalline yeast alcohol dehydrogenase, as described in a previous publi- 
cation (7). 
ae Fic 
Enzyme Activity Prem 
Enzymatic activity was determined by applying the DPN-cyanide re- 
action before and after incubation with the enzyme. The reaction mixture 
contained 0.1 ml. of DPN (4 mg. per ml.), 0.3 ml. of 0.1 m KH,PO,, and, | —— 
as the last component, 0.1 ml. of the appropriately diluted enzyme. After 
rapid mixing the solution was incubated for 7.5 minutes at 37°; 3 ml. of 
1.0 m KCN were then added, and the mixtures read at 340 mu. <A unit 
of enzyme is that amount which will cause a splitting of 0.01 um of DPN | Cd 


t 


ae 3 : : P H 5 
under these conditions. Fig. | illustrates the relationship of the concen- | . 5 
tration of enzyme to the amount of DPN split. The test is linear for} « 9) 
quantities of enzyme which split up to 60 per cent of the coenzyme. As | —— 
will be discussed later, the concentration of DPN used in the test does not tract’ 
saturate the enzyme. This suboptimum concentration was found desit- ang | 
able to use because of its applicability to the cyanide method. | i 

; Kote \ : 
Protein Determination | i 
) 
Protein was determined by the Herriott method (10), as modified by Fa 
Lowry (unpublished). ro 
Results 3 ml. 
' “er move 
Partial Purification of Enzyme i 
he v 


The enzyme was purified from extracts of zine-deficient mats of wild | 79-¢6) 


type N. crassa prepared as described previously (6). Extracts of approx- | prody 








the 


hich | 
De- 

YPN 

- de- 


etric 
tract 
iscle. 
tion, 
ndly 


with 
yubli- 


le re- | 
xture | 
and, 
After 
al. of 
. unit 


DPN | 


neen- 
| 


wr for | 
As 

es not 

desir- 


ed by 


f wild 
pprox- 


XUM 


— 





N. 0. KAPLAN, S. P. COLOWICK, AND A. NASON 475 


imately equal potency were also prepared by grinding frozen Neurospora 
mats with alumina. 250 ml. of extract were used in the following purifi- 
cation procedure. 

The crude extract was adjusted to pH 5 with 1.0 n HCl at 0-4°. The 
resulting precipitate was discarded; the acid filtrate contained 80 per cent 
of the initial activity with roughly a 2-fold increase in purity (Table I). 
Acetone was then added at 0-4° with vigorous stirring until the concen- 
tration reached 35 per cent. After removal of the precipitate, a second 


00; 
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20 


PERCENT SPLIT 
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0 400 800 
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Fig. 1. Effect of concentration of enzyme on DPN splitting. Standard condi- 
tions. Purity, 6700 units per mg. of protein. 











TaBLeE | 
Summary of Steps in Purification of Neurospora DPNase 

















Inj Per cent 
. Total Units | original 
Total unit: ° ie : 
sania) orth | Sk | “a 
INO ORULACUs. cc oc ccsite csienind eran ea eee 525,000 | 750 700 

pH 5 filtrate... <0 celta Awe gone neers ...| 420,000 | 258 1,600 80.5 
“ 5 acetone ppt., 35-60 % fraction. ......| 258,000 43.4 6,700 55.0 
a as 60% Mi .......} 192,000 4.1 47 ,500 37.0 





fraction was obtained by raising the acetone concentration to 60 per cent 
and both fractions were dissolved separately in 0.1 M KeHPO,. Most of 
the activity was recovered in the second fraction, whereas little of the 
enzyme was found in the 35 per cent precipitate. 

To the 35-60 per cent acetone fraction (20 ml.) at 0° were added 3 ml. 
of normal HCl to bring the pH to 2.7. Acetone was then added until the 
concentration reached 60 per cent. The precipitate was triturated with 
d ml. of 0.1 m phosphate buffer (pH 7.4), and the denatured protein re- 
moved. The soluble protein in this fraction represented 37 per cent of 
the units in the crude starting material and an over-all purification of 
70-fold. A 700-fold purification would have been required to obtain a 
product of equal purity from normal Neurospora mats, since the specific 
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activity of extracts of such mats is one-tenth of that of extracts of zine- 


; mans 
deficient mats. 0.05 

1 mg. of purified protein is capable of splitting approximately 3000 um of | ain 
DPN per hour. Assuming a molecular weight for the enzyme of 100,000, ‘ath 


this corresponds to a turnover number of 5000 moles of DPN per mole of 
protein per minute. 


Stability of Enzyme 


The Neurospora DPNase can be kept in the deep freeze without loss of | 
activity; storage at 4° for several days also has little effect on the enzyme, 
but the enzyme loses some activity on standing for 2 or 3 weeks at this 
temperature. Dialysis at 4° for 24 hours against a variety of buffers 
resulted in no loss of activity. 

The enzyme is completely destroyed at pH 5 at 80° in 2 minutes. How- 
ever, little activity is lost on heating for 2 minutes at 55° in the range pH | ‘ie 
3 to 5. 


: : ; eee units 
Trichloroacetic acid only partially precipitates the enzyme; the enzyme’s 
activity can be recovered by dissolving the precipitate in 0.1 M K,HPQ,. 
Some of the enzyme appears in the trichloroacetic acid filtrate and appears 

to be stable in such filtrates at 4° for at least 2 weeks. Ex 

nicot: 

Presence of Enzyme in Medium pressi 

0.1 M 


The Neurospora DPNase is present in the nutrient medium of zinc- — 
deficient and control mats in approximately equal concentrations, the av- Exp 
erage concentration being 180 units of enzyme per ml. of medium. Part — 
of the enzyme in the medium can be adsorbed on calcium phosphate; the 
enzyme can then be recovered by dissolving the calcium phosphate gel in 
acid and dialyzing. Although material of high specific activity (14,000 | 
units per mg.) can be obtained in this way, the amount of enzyme recov- 
ered does not warrant use of the medium as a source for purification. 


pH Optimum 


As can be seen from Fig. 2, the Neurospora DPNase is active over a | 
wide pH range. The activity begins to fall off only below pH 3 and above, 
pH 9. The enzyme does not have a clear-cut pH optimum. The nature ry 
of the buffer also does not influence the DPN-splitting properties of the | ®¢#V 
enzyme. A curve of the same shape was obtained in another experiment | X 1 


in which the maximum cleavage was 50 instead of 80 per cent. cy , 
inar 
Effect of Metals 17 


The high concentration of the enzyme in zine deficiency suggested that} coppe 


the enzyme might be sensitive to metal ions. However, addition of zinc, oe 
reduc 
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manganese, ferric, calcium, and magnesium ions in final concentrations of 
0.05 M has no effect on the activity of the enzyme.' Fluoride, cysteine, 
versene (ethylenediaminetetraacetic acid), and cyanide (0.01 m) also do not 
influence the action of the Neurospora DPNase. 


a sata 
60r- 

o O.1M CITRATE 
a e O.1M PHOSPHATE 








PERCENT SPLITTING 
OF DPN 











2 4 6 8 10 
pH 
Fia. 2. pH-activity curve for Neurospora DPNase. Each sample contained 50 
units of enzyme. 


TaBLeE II 
Effect of DPN Concentration on Activity of Neurospora DPNase 
Experiment 1, DPN disappearance measured by cyanide reaction; Experiment 2, 
nicotinamide formation measured by cyanogen bromide reaction. All values ex- 
pressed as moles per liter X 10. Approximately 25 units of enzyme plus 0.2 ml. of 
0.1 m KeHPO, in total volume of 0.5 ml. Time, 7.5 minutes; temperature, 37°. 








Experiment No. {DPN (concentration)| DPN disappearance — | wit 

1 0.5 0.25 | 0.5 
E60 0.37 
2.0 0.49 

2 0.4 0.14 0.5 
0.8 0.22 
1.6 0.30 
3.2 0.32 | 














Effect of DPN Concentration 


Table II summarizes data on the effect of DPN concentration on the 
activity of the enzyme. The K,, which is expressed as moles per liter 
X 10°, was approximately 0.5 in Experiments 1 and 2 in which activity 
was measured by (1) DPN disappearance (cyanide reaction) and (2) nico- 
tinamide release (the cyanogen bromide reaction) (11). In the determin- 


1 The enzyme retains two-thirds of its activity, even in the presence of Barfoed’s 
copper reagent (0.1 m Cut*); therefore it was necessary to boil the reaction mixtures 
with this reagent immediately in order to measure the time-course of appearance of 
reducing groups (Fig. 5). 
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ation of nicotinamide, a protein-free filtrate was obtained by treating the wot 
enzyme reaction mixture with equal parts of Ba(OH)2 and ZnSO, (12). | sole 
It is of interest to point out that very little DPN appears in such filtrates, 1 
while nicotinamide is recovered quantitatively. add 
rose. 
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Fig. 3. Acid produced by consecutive action of enzymes acting on pyrophosphate | ynits 
and pyridinium linkages respectively. Each vessel contained 0.03 M NaHCO;. 200 + nu 
units of potato pyrophosphatase and 200 units of Neurospora DPNase used in each | tide ; 
case. The reaction was started by tipping into the vessel appropriate enzyme from Fr 
side arm. The second addition was also from side arm. 


cyani 

volur 

Acid Production from DPN by Neurospora DP Nase action 
Cleavage of the nicotinamide-ribose link in DPN results in the produe- As 


tion of 1 mole of acid. MelIllwain and Rodnight (2) have made use of | wet 
this fact to observe the DPNase activity of brain. The Neurospora en- | tide. 
zyme also produces a mole of acid per mole of DPN split (Fig. 3). Hy- { hydr 
drolysis of DPN into nicotinamide mononucleotide and adenylic acid by | This 
potato pyrophosphatase liberates 2 moles of acid per mole of DPN. ‘This | acid ; 
is indicated in Fig. 3. Acid production is, therefore, also a convenient | Ney 
procedure for observing pyrophosphatase activity. 

Addition of the pyrophosphatase to the Neurospora DPNase product. 
as shown in Fig. 3, results in the formation of almost 2 more equivalents Spl 
of acid; thus 3 moles of acid are liberated per mole of DPN by the com- | peara 
bined action of the Neurospora and potato enzymes. Misleading results | Barfo 
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would be obtained on the point of attack of DPN in crude extracts by 
solely following acid liberation. 

The fact that additional acid is produced when the pyrophosphatase is 
added to the Neurospora DPNase product supports the view that the Neu- 
rospora enzyme attacks the pyridinum riboside bond in DPN. This is 
further substantiated by the fact that free adenylic acid, as measured by 
the specific muscle adenylic acid deaminase, is liberated from the product 
only after treatment with the pyrophosphatase. No inorganic phosphate 
can be detected after the action of the Neurospora enzyme. 
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Fie. 4. Rate of formation of adenylic acid by action of pyrophosphatase on DPN 
and on DPNase product. The cells contained 0.1 um of DPN or DPN split product, 
0.02 ml. of muscle adenylic acid deaminase, and 0.1 M citrate, pH 6.3, to 3 ml. 20 
units of potato pyrophosphatase were added to start the reaction. Curve A, DPN 
+ nucleotide pyrophosphatase + deaminase; Curve B, DPNase product + nucleo- 
tide pyrophosphatase + deaminase. 


Fic. 5. Action of Neurospora enzyme on DPN. 100 um of DPN (measured by 
cyanide reaction), 3.5 ml. of 0.1 m acetate buffer, 300 units of DPNase in a total 


volume of 4 ml. Curve A, reducing power as ribose; Curve B, DPN by cyanide re- 
action. 


As indicated in Fig. 3, the Neurospora enzyme does not attack the prod- 
uct of potato pyrophosphatase action, namely nicotinamide mononucleo- 
tide. The curves in Fig. 3 also suggest that the potato pyrophosphatase 
hydrolyzes the Neurospora product at a’slower rate than the intact DPN. 
This is in agreement with data obtained by measuring the rate of adenylic 
acid released from the action of the potato enzyme on DPN and on the 
Neurospora product (Fig. 4). 


Appearance of Reducing Power from DPN 
Splitting of DPN at the nicotinamide-ribose linkage results in the ap- 


pearance of one reducing group. This was determined by the modified 
Barfoed’s reagent as described previously (7). In Fig. 5 a comparison is 
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made of the rate of appearance of reducing groups with the rate of dis- 


appearance of the DPN-cyanide reaction, further indicating that the Neu- | a 
rospora DPNase cleaves DPN at the nicotinamide-ribose linkage. The — aftoy 
curves in Fig. 5 svggest that the reaction does not go to completion. Ac- | 4, ¢h 
tually the reason for the leveling off of the curves is due to the fact that 41 
there is an impurity in the DPN which gives the cyanide reaction (7). wake 


This impurity may be nicotinamide mononucleotide which is not attacked 97 
by the Neurospora enzyme. After treatment of DPN with the Neurospora h 

: é : ) phen 
enzyme, no DPN can be detected in the products of the enzymatic reaction ade, 
by means of alcohol dehydrogenase. Hence it is most likely that the split- | the y 


ting of DPN by the Neurospora reaction goes to completion. placit 


Specificity of Neurospora Enzyme 


The enzyme attacks TPN at approximately the same rate as it does Compe 
DPN. However, as Mclllwain and Rodnight have found with brain Cot 
DPNase, the Neurospora enzyme does not split reduced DPN. Monohy- | ture, | 
dro DPN also cannot serve as a substrate for the Neurospora DPNase. In E 
order to test the activity of the enzyme on this compound, the reaction was | —— 
carried out at pH 10 at which the half reduced DPN is fairly stable (8). 
At this pH the Neurospora enzyme still acts on DPN. 

Nicotinamide mononucleotide and nicotinamide nucleoside are not at- Ne 
tacked by the Neurospora enzyme. The enzyme shows remarkable speci- 
ficity in that it attacks deamino DPN at only 2 per cent of the rate ob- 
served with DPN. Methylnicotinamide is also not cleaved by the enzyme. 








Lack of Inhibition by Nicotinamide 0. 


volum 

Nicotinamide has been found to be a potent inhibitor of brain DPNase t 10 
(1, 2). In contrast, however, the Neurospora enzyme is not affected by } volum 
free nicotinamide. A comparison of the effects of nicotinamide on the 


brain and Neurospora enzymes, as measured by the cyanide reaction, is si 
given in Table III. The data show that the Neurospora enzyme is not ‘ ea, 
influenced by nicotinamide at much higher concentrations than that which re 
almost completely inhibits the brain enzyme. Methylnicotinamide also “yal 
is not an inhibitor of the Neurospora system. Phenosafranine, which has , " , 
been reported by Mclllwain and Rodnight (2) to be an inhibitor of brain | — rs 
DPNase, is inhibitory to the Neurospora enzyme only in concentrations = 
. compe 
greater than 0.05 Mm. 
of the 
Isolation of Adenosinediphosphate Ribose As Product of Reaction 2 Ri 


The nucleotide, adenosinediphosphate ribose, has been isolated from the It was 


° ° . 40cm t 
Neurospora DPNase reaction mixture. A solution containing 200 mg. of sid 


Schwarz DPN, adjusted to pH 6.7 with NaOH, and 100 y of the purified by Ta: 
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lis- 
eu- 
"he 


Neurospora enzyme (final volume 3.5 ml.) was incubated at 37°. As meas- 
, ured by the cyanide reaction, the hydrolysis of the DPN was complete 
after 150 minutes. The cyanide reaction remaining at this time was due 
Ac- | to the impurity in the DPN (7). 
hat 4 ml. of alcohol were then added and the mixture was placed in a boiling 
(7). | water bath for 2 minutes. The small precipitate was discarded and then 











ked = 97 ml. of 0.03 u Ba(OH)s were added to make the solution just alkaline to 
ord) phenol red. 8 ml. of alcohol and 0.5 ml. of 25 per cent Ba(Ac)2 were then 
102 added at room temperature, and the precipitate, which contained little of 
lit- | the nucleotide, was removed by centrifugation at room temperature. On 
placing the supernatant fluid in an ice bath, a further precipitation took 
Taste III 
loes Comparison of Effects of Nicotinamide on DPNases from Rat Brain and Neurospora 
rain Concentrations expressed as moles per liter X 10°. Time, 10 minutes; tempera- 
hy- | ture, 37°. 
In Enzyme source |Nicotinamide added| DPNadded |DPN disappearance | Inhibition 
7. ‘ a per cent 
(8). Rat brain* 0 1.5 1.05 
15 1.5 0.22 70 
b at- Neurosporaft 0 0.5 0.29 
peci- 11 0.5 0.29 0 
_ ob- 22 0.5 0.28 = | 0 
yme. 33 0.5 0.29 0 














*0.4 ml. of rat brain homogenate in 0.1 m phosphate buffer, pH 7.0, in a total 
volume of 0.65 ml. 








Nase + 100 units of Newrospora enzyme in 0.1 m phosphate buffer, pH 7.0, in a total 
d by } volume of 0.6 ml. 

te place. To insure complete precipitation, 4 more ml. of alcohol were added. 
‘ sail This precipitate, which dissolves when brought back to room temperature, 
vhich | “8S centrifuged at 0°, washed with 75 and 100 per cent alcohol and finally 
le with ether, and then dried in a vacuum desiccator. The yield was 120 mg. 
is of the barium salt. ees 

beat A summary of the analysis of the nucleotide is given in Table IV. As 
tions | ‘be seen from Table IV, the results are consistent with a structure of a 


compound with two riboses, two phosphates, and one adenine.? One-half 
of the ribose possessed a reducing group as indicated by Barfoed’s reagent 


n * Ribose was determined by the orcinol method as described by Taylor et al. (14). 


m the It was found that heating for 60 minutes proved to be a more satisfactory procedure 
than the shorter heating period usually employed. Free ribose was also found to be 
amore suitable standard than adenylic acid for DPN which has also been indicated 
by Taylor et al. 


ng. of 
urified 
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(7). No free adenylic acid was found as measured by muscle adenylic 
acid deaminase. Adenylic acid is liberated from the compound on treat- | .* 
ment with alkali or with potato pyrophosphatase. In all preparations of DP? 
the nucleotide, some nicotinamide-ribose linkage is present, as measured by 


‘ ‘ . : cien 
the fluorescence appearing on treatment with strong alkali (13). This flu- at 3 
orescence, which is not due to DPN since the preparation does not react a 
with alcohol dehydrogenase, is apparently due to the impurity in the initial a hy 


sample of DPN, which is not attacked by the Neurospora enzyme. } T 
The compound does not interfere with the splitting of DPN by the puri- fits 
fied Neurospora enzyme or by a preparation from rat brain. Incubation 7 


atta 

of the compound with nicotii amide and either the Neurospora or brain | seqy 
enzyme does not result in the formation of DPN. Whether this nucleo- | a1 
TaBLe IV | enzy 

, 


Analysis of Nucleotide Isolated after DPNase Action 
Results expressed as micromoles per mg. of barium salt. The calculated values estin 
are for anhydrous barium salt of a compound with two riboses, two phosphates, and | 9, in 




















one adenine. The found values are uncorrected for moisture. ity is 
| | | Ff of m 
Analysis for Method Calculated ‘cima Found | ao he 
a Te wn ye 
Adenine Ultraviolet absorption 1.44 came | 1.15 0.80 This 
i Fiske-Subbarow reagent 2.88 2.33 0.81 
Ribose Orcinol reagent | 2.88 | 2.47 0.86 cleot 
Reducing sugar Barfoed’s reagent | 1.44 1.40 0.97 
Nicotinamide-ribose Fluorescence with alkali | 0 | 0.02 
Adenylic acid Deaminase z 0 | 0 ee? 
: por gor ee aa aa 7 2. N 
tide split-product of DPN is of physiological significance in the synthesis : - 
of DPN is now under study. 5. K 
DISCUSSION “4 . 
i.'@ 
In general the properties of the Neurospora enzyme are similar to those 
of the brain enzyme which hydrolyze the nicotinamide riboside grouping of ; : 
( 


DPN. This is particularly true with regard to the specificity of the en-| 9 y 
zyme towards various N-substituted pyridinium compounds. Both en-{ 1. p 
zymatic reactions are apparently also irreversible and do not seem to in- | 12.8 
volve phosphate. ; 13. K 

A marked difference between the two enzymes lies in the absence of 
inhibition by nicotinamide with the Neurospora enzyme. It is difficult to 
ascertain at the present time why nicotinamide inhibits the brain enzyme 
and not the Neurospora system. Another marked difference between the 
two enzymes is the sharp pH optimum of the brain as contrasted to the 
wide pH activity of the Neurospora enzyme. 
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SUMMARY 


An enzyme from Neurospora crassa has been described which cleaves 
DPN and TPN. This enzyme has been purified 70-fold from zinc-defi- 
cient mats. 1 mg. of the purified DPNase splits 3000 um of DPN per hour 
at 37°, corresponding to a turnover number of about 5000. Evidence has 
been presented which establishes the action of the, Newrospora enzyme as 
a hydrolytic cleavage at the pyridinium ribose grouping of DPN. 

The Neurospora enzyme is similar to the DPNase of brain in its speci- 
ficity for a number of N-substituted pyridinium compounds, and fails to 
attack the nicotinamide nucleotide and nicotinamide nucleoside or the half 
reduced and fully reduced forms of DPN. Nicotinamide, however, which 
markedly inhibits the animal enzyme has no effect on the Neurospora 
enzyme. 

The dissociation constant of the substrate-enzyme complex has been 
estimated to be 5 X 10-4. The enzyme is active over the pH range 3 to 
9, in contrast to the sharp pH optimum of the brain enzyme. The activ- 
ity is not influenced by metal-binding agents or by the addition of a variety 
of metal ions, including heavy metals. 

Adenosinediphosphate ribose has been isolated as a product of the action 
of the enzyme on DPN. Some properties of this nucleotide are described. 
This compound, like DPN, yields 5-adenylic acid on treatment with nu- 
cleotide pyrophosphatase. 
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MYOKINASE AND ADENOSINETRIPHOSPHATASE IN 
OXIDATIVE PHOSPHORYLATION * 
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The synthesis of high energy phosphate coupled with oxidation of me- 
tabolites of the Krebs cycle is a well recognized reaction associated with 
enzymes in the particulate fraction of tissues. Although considerable 
esterification of inorganic phosphate has been demonstrated (1-4), the 
phosphorylation process as studied in the usual enzyme preparations is 
complicated by dephosphorylation reactions. In order to obtain appreci- 
able net phosphate esterification, fluoride has often been used presumably 
to suppress ATPase activity,! and a trapping agent (hexokinase and glu- 
cose) has frequently been employed to remove the ATP formed. The 
study of the phosphorylation process is further hindered by the instability 
of the enzyme system which is rapidly inactivated at room temperature. 

We have observed that mitochondria prepared from isotonic sucrose 
homogenates of mouse liver under carefully controlled conditions show 
very little ATPase activity and no AMPase activity under conditions 
comparable to those existing during phosphorylation. This circumstance 
has enabled us to observe high rates of net phosphate uptake with AMP 
as external phosphate acceptor during the oxidation of a-ketoglutarate 
without having to use fluoride or a trapping agent or excessive quantities 
of enzyme material. 

This report presents results on some of the general characteristics of 
ATP synthesis in mitochondria, on the association of myokinase activity 


_ present in mitochondria with this process, and on the effect of aging on the 
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characteristics of phosphorylation and dephosphorylation. 
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1 ADP, adenosinediphosphate; ATP, adenosinetriphosphate; ATPase, adenosine- 
triphosphatase; AMP, adenylic acid; AMPase, adenylic acid phosphatase; 7’ P, acid- 
labile P yielding inorganic phosphate after 7 minutes hydrolysis in 1 n HCl; TCA, 
trichloroacetic acid; PCA, perchloric acid. 
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EXPERIMENTAL 
Enzyme Preparations 


Mitochondria—Four to six mouse livers (C3H strain) weighing 6 to 7 
gm. were quickly removed from animals killed by cervical dislocation and 
immersed in 20 ml. of isotonic sucrose at —1°. After thorough chilling, 
the livers were pressed through a chilled tissue masher to remove con- 
nective tissue and ground at —1° in a homogenizer of the Potter-Elvehjem 
type. The homogenate was diluted to 50 ml. with cold isotonic sucrose 
and thoroughly mixed. Mitochondria were isolated from the homogenate 
essentially according to the method of Schneider (5), resuspension and 
recentrifugation of the nuclear fraction being omitted. The mitochondria 
were resuspended in 16 ml. of isotonic sucrose and sedimented in two tubes 


at 16,000 X g for 10 minutes. The supernatant was decanted off together | 


with any free flowing particulate material which was not firmly packed 
(cf. (6)). The washing and centrifugation were repeated and the mito- 
chondria finally suspended in 10 ml. of isotonic sucrose (this suspension is 
referred to as Mw). It should be emphasized that it is essential to keep 
the mitochondria as cold as possible, but without freezing, throughout 
the manipulations in order to obtain preparations which are highly active 
in phosphorylation. 

Hexokinase—The procedure of Berger, Slein, Colowick, and Cori (7) was 
employed up through step 3. For purposes of ATP assay the partially pu- 
rified material is adequate. However, a correction must be introduced for 
the phosphohexoisomerase present in the hexokinase preparation. Under 
the conditions used in our ATP analyses in which the phosphohexoisomer- 
ase equilibrium was attained, 3 per cent of the phosphate transferred to 
glucose appeared as apparent 7’ P. The hexokinase preparations were 
lyophilized and stock solutions in 1 per cent glucose were prepared as 
needed, containing 600 to 700 hexokinase units per 0.1 ml. The stock 
solutions were kept frozen. 

Myokinase—Myokinase was prepared according to the procedure of 
Colowick and Kalckar (8). The solution of the final ammonium sulfate 
precipitate was dialyzed and lyophilized. Stock solutions were made up 
in water to contain 20 mg., dry weight, per 10 ml. and were kept frozen. 

Adenylic Acid Deaminase—The procedure which we found to give the 
best yield of adenylic deaminase was a modification of Kalckar’s Proce- 
dure B (9). In place of the myosin preparation of Bailey (10) we em- 
ployed that of Szent-Gyérgyi (11). Myosin prepared in this manner and 
twice reprecipitated at pH 6.5 possessed no myokinase activity. 


Materials and Methods 


Adenosine-5-PO,, the dibarium salt of ATP, cytochrome c, a-ketoglutaric 
acid, and t-histidine were commercial products. ADP was prepared from 
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ATP with hexokinase and glucose, and isolated as the barium salt. So- 
lutions of the potassium salts of ATP and ADP were prepared by the 
method of Kielley and Meyerhof (12). Stock solutions adjusted to pH 
7.5 were kept frozen. 

Inorganic phosphate was determined by the Fiske-Subbarow method. 
7’ P was determined as the increase in inorganic phosphate after hydrol- 
ysis in 1 N HCl at 100° for 8 minutes. Total N of the enzyme prepara- 
tions was determined by micro-Kjeldahl according to Ma and Zuazaga 
(13). 

All enzyme incubations were carried out at 28° in air at pH 7.5. 

Phosphorylation—-The disappearance of inorganic phosphate from the 
medium was routinely taken as phosphate uptake. The system usually 
employed for phosphorylation studies contained the following components: 
0.05 m histidine, 0.005 m MgCh, 0.04 m KCl, 0.01 m a-ketoglutarate, 1.25 
X 10-5 m cytochrome ¢, approximately 0.02 m phosphate, 0.008 m AMP, 
0.025 m glucose with or without hexokinase, 0.3 ml. of mitochondria, and 
water in a final volume of 3 ml. This medium (minus enzymes) is here- 
after referred to as the phosphorylation medium. 

In phosphorylation experiments where no O, uptake was measured, the 
enzyme incubations were carried out in the Dubnoff metabolic shaking 
incubator. The cold enzyme was added to the phosphorylation medium 
in 25 ml. flasks equilibrated to the temperature of the bath. For phos- 
phate uptake versus time measurements, 0.5 ml. aliquots of the incubation 
mixture were withdrawn from a single flask at definite time intervals, 
mixed with 4.5 ml. of 5 per cent PCA, and inorganic phosphate was deter- 
mined on the clear filtrate. For the experiments on the distribution of 
7’ P formed from AMP during oxidative phosphorylation, separate flasks 
containing the phosphorylation medium were set up for the various time 
periods. At definite time periods after addition of the mitochondria, 
flasks were removed and the reaction stopped by addition of 0.5 ml. of 
15 per cent PCA. 3 ml. of the cold PCA filtrate were carefully neutral- 
ized with exactly 0.5 ml. of standard KOH. The potassium perchlorate 
precipitated by neutralization was centrifuged out and 1.5 ml. of the clear 
solution were then incubated with heyokinase and a similar aliquot in- 
cubated with myokmase and hexokinase in the presence of 0.01 m 
histidine, 0.01 m MgCl, and 0.02 m glucose in a final volume of 2 ml. Ali- 
quots were analyzed for inorganic phosphate and 7’ P after the reaction 
was completed. 

P:0 Ratios—O, uptake was determined by the usual Warburg mano- 
metric method. The cold enzyme was added last to the phosphorylation 
medium at room temperature in the main compartment of a 15 ml. War- 
burg flask containing 0.2 ml. of 20 per cent KOH in the center well and 
0.5 ml. of 30 per cent TCA in the side arm. Timing was started at the 
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moment of enzyme addition. After equilibration (8 minutes), the tap 
was closed and readings were taken. The reaction was stopped by tipping 
in TCA from the side arm. The flask was removed from the manome- 
ter and placed on shaved ice until the remaining flasks of the series 
were brought to this point. The contents of the flasks after thorough 
mixing were transferred to tubes and centrifuged to remove precipitated 
proteins. Inorganic phosphate was determined on a suitable aliquot of 
the clear solution. 


ATPase and AMPase Activities—The incubation mixture employed for 


ATPase activity determinations contained 0.05 m histidine, 0.005 m MgCl, 
0.04 m KCl, 0.005 m ATP, 0.3 ml. of enzyme, and water in a final volume 
of 3 ml. The cold enzyme was added to the medium equilibrated to the 
temperature of the bath and the incubation continued for 10 minutes in 


the shaking incubator. 2 ml. of 5 per cent PCA were added to stop the | 


reaction, and inorganic phosphate was determined on an aliquot of the 
solution. 

AMPase activity was determined in a similar manner with 0.005 m 
AMP in the medium instead of ATP. 

Liver Myokinase Activity—The maximum rate of dismutation of ADP 
to AMP and ATP was measured in the myokinase assays by employing 
both hexokinase and adenylic acid deaminase to remove the reaction prod- 
ucts. Although our enzyme incubations were not carried out in the 
spectrophotometer, the essential details of Kalckar’s procedure (9) for 
following the deaminase reaction were used. In principle, the decrease in 
7’ P should also be proportional to myokinase activity; however, it was 
observed that the changes in optical density and changes in 7’ P were 
strictly related only for washed mitochondria. The whole homogenate 
and other cell fractions did not exhibit this proportionality. 

The incubation mixture for the determination of myokinase activity 
contained 0.05 m histidine, 0.005 m MgCh, 0.04 m KCl, 0.025 m glucose, 
0.0007 to 0.005 m ATP, 0.1 ml. of hexokinase, 0.1 ml. of adenylic 
deaminase, 0.1 to 0.4 ml. of liver fraction, and water in a final volume of 
3 ml. Hexokinase and adenylic deaminase were shown to be present in 


large excess. The medium was preincubated with hexokinase and de- ! 


aminase for 10 minutes. The myokinase liver fraction was then added 
and the incubations continued for 5 to 10 minutes. The reaction was 
stopped with 3 ml. of 5 per cent PCA. Aliquots of the clear supernatants 
were neutralized and diluted to contain the equivalent of 0.1 um of 
adenylic acid per 3 ml. for determination of the change in optical density 
at 265 my. In the case of mitochondria preparations, the change in 7’ 
P was also followed. 
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Results 


General Characteristics of Phosphorylation in Oxidation of a-Ketoglu- 
tarate—It is seen in Fig. 1 that the phosphorylation system in mitochon- 
dria is capable of exhibiting high rates of net phosphate uptake with AMP 
as phosphate acceptor. Maximum rates of phosphate uptake were ob- 
tained when hexokinase and glucose were used as trapping agent for the 
ATP formed. These rates were maintained until all the inorganic phos- 
phate had been taken up from the medium. When no hexokinase was 
used in the system, the rate of phosphate uptake, although initially high, 
tended to fall off as ATP accumulated, and maximum uptake was reached 





WITH HEXOKINASE NO HEXOKINASE 





P UPTAKE- MICROMOLES/3 mi. 




















oo 20 40 60 60 Oo 20 40 60 80 
MINUTES 
Fig. 1. Uptake of phosphate during the oxidation of a-ketoglutarate by mito- 
chondria with and without hexokinase, and the effect of fluoride and malonate on 
these uptakes. Curve A, control; Curve B, 0.02 m fluoride; Curve C, 0.0033 m mal- 
onate. Enzyme concentration, 0.71 mg. of N in 3 ml. of incubation mixture. 


when about 85 per cent of the theoretical maximum phosphate uptake 
based on complete phosphorylation of AMP to ATP had been attained. - 

In contrast to the usual enzyme preparations which appear to show 
greater net phosphate uptake in the presence of fluoride, the phosphoryla- 
tion system in mitochondria we have studied was inhibited by fluoride, 


very markedly so when ATP was allowed to accumulate in the system. 


Malonate also inhibited phosphate uptake. These results are shown in 
Fig. 1. 

The rate of phosphate uptake was directly proportional to enzyme con- 
centration under conditions in which AMP and inorganic phosphate were 
not limiting (Table I). The specific phosphorylating activity of mito- 
chondria in the presence of hexokinase corresponded to 1.7 to 1.8 um of 
P per minute per mg. of N. A concentration of 0.002: m AMP was op- 
timum for phosphate uptake, but increasing concentrations up to 0.008 
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Mm did not significantly affect the rate. Higher concentrations were slightly 
inhibitory. 
P:O Ratios—Phosphorus-oxygen ratios for the oxidation of a-ketoglu- 


tarate were determined under various conditions (Table II). Phosphate | 


uptake was obtained by subtracting the phosphate uptake during the 
equilibration period from the phosphate uptake over the entire reaction 
period. Since there was no measurable uptake of phosphate or oxygen 


in the absence of oxidizable substrate, and the amount of phosphate which | 


might be split from the enzyme would be within experimental error of the 
inorganic phosphate added to the system, no corrections of the observed 
values were considered necessary. 

Although the rates of phosphate and O2 uptakes were considerably 
higher in the phosphorylating system containing hexokinase, the P:0 
ratios obtained in either case were essentially the same, in the range, 2.4 
to 2.6 over the shorter time periods. This circumstance suggests that the 
lower rate of phosphate uptake observed in the absence of hexokinase may 
be due primarily, at least in the early stages of the process, not to ATPase 
but to the piling up of the end-product (ATP) which inhibits phosphoryla- 
tion as well as oxidation. The P:O ratios observed under these conditions 
are similar to the figures of Cross et al. (2), the corrected figures of Hunter 
and Hixon (3), and those of Slater (14). 

P:O ratios slightly greater than 3 were obtained in the presence of 
0.0033 m malonate. O, uptake was lowered proportionately more than 
phosphate uptake by malonate, which suggests that during the oxidation 
of a-ketoglutarate, even for short time periods, some succinate oxidation 


may occur. Hexokinase had no significant effect on the ratios determined | 


under these conditions. 

It was mentioned earlier that fluoride exerted a marked inhibitory effect 
on phosphorylation when no trapping agent was used to remove the ATP 
formed. The P:O ratio under these conditions in the presence of 0.02 
M fluoride was correspondingly low, 1.3. However, if hexokinase was 
present in the system, fluoride had little effect. 


Nature and Distribution of Phosphorylated Compounds Formed from | 


AMP—It has been indicated that, during the oxidation of a-ketoglutarate 
in the presence of AMP as added phosphate acceptor, the 7’ P that is 
rapidly synthesized can accumulate extensively in the system without 
apparent breakdown. It seemed possible under these circumstances that 
a study of the nature and distribution of the phosphorylated adenylic 
compounds formed during the course of oxidation might aid in elucidating 
the mechanism of ATP synthesis from AMP. 

The results of a typical P distribution experiment are given in Fig. 2. 
The values for ADP were calculated from the ATP assays and from the 
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tly TaBLe I 
Relation of Phosphate Uptake to Enzyme Concentration in Oxidation of a-Ketoglutarate 
rlu- Final volume, 3.0 ml.; time, 15 minutes. 
ate Uptake of inorganic phosphate 
the Amount of enzyme 
ion With hexokinase No hexokinase 
gen mg. N BM uM 
lich | 0.27 4.0 2.6 
the 0.54 11.3 6.8 
al 0.81 16.8 11.2 
1.07 24.2 14.3 
1.34 31.0 18.6 
ubly 1.61 36.5 22.2 
P:0 2.15 47.2 27.8 
2.4 | 2.68 35.5 
the 
may Tas_e II 
Pase Phosphorus-Oxygen Ratios for Oxidation of a-Ketoglutarate by Mitochondria 
‘yla- | Determined under Various Conditions 
pies Enzyme Hi Malonate | Fluorid 
nter niegeantien Total N ome “0.0033 an con Time P uptake | O2 uptake P:0 
e of mg. min. uM uM 
than 10-10 0.60 - - 4 Oe 15 11.70 2.46 2.39 
‘ 10-10 0.60 - = = 30 19.80 4.49 2.21 
tion. | 19-11 | 0.54 - % A 10 7.90 | 1.49 | 2.65 
tion | 10-11. | (0.54 - | - ~ 20 14.50 | 2.77 2.62 
ined 10-11 0.54 —_— | = = 30 19.90 4.15 2.40 
10-11 1.08 — — — 10 12.75 2.68 2.38 
ffect | 10-10 0.60 + — — 15 14.51 3.00 2.42 
ae 10-10 0.60 + —_ - 30 29.16 7.06 2.07 
ATP | i041 | 0.54 | + “ = 10 | 7.95 | 1.52 | 2.62 
0.02) 10-11 | 0.54 + _ ~ 20 16.90 3.28 2.58 
was 10-11 1.08 = = = 10 19.35 3.39 2.86 
10-7 0.61 - + — 20 9.65 1.64 2.94 
from | Wi | O88) - + = 2 | 11.45 | 1.78 | 3.32 
: 10-11 108 | -— | + 10 10.95 1.75 3:13 
wey) ar i Ge | + rs — | %0 | 13.70* | 2.20% | 3.12* 
at 1s 10-7 0.61 | + =e = 40 26.40* 4.32* 3.06* 
shout 10-11 0.54 + + _ 20 13.10 1.74 3.78 
that | 10-11 | 1.08 + + 24 10 13.18 2.00 | 3.30 
nvlic | 10-10 | 0.60 | - : + | 230 7.80 | 2.87 | 1.36 
x 10-11 0.54 | —- = 5 30 5.57 2.18 1.28 
ating | 10-10 | 0.60 + - + | 30 | 20.76 | 4.28 | 2.42 
10-11 om i + —‘ | - 20 12.75 2.38 2.74 
ig. 2. ane ene 





n the * Determined in the presence of 0.002 m instead of 0.008 m AMP. 
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total 7’ P. The AMP values in turn were calculated from the initial | for th 
level of AMP and from the amounts of ATP and ADP formed. In all | trac 
experiments of this type the changes in distribution of P compounds fol- the ve 
lowed the same course with time. All the inorganic phosphate which ‘dure © 
disappeared reappeared as 7’ P, which was present as either ATP or ADP. foll 
It is evident from Fig. 2 that there was no time during the course of 7’ Tak 
P formation when the ADP concentration exceeded that of ATP, which is mito] 
in agreement with the idea that ADP is the primary phosphate acceptor. Corres 
The distribution of the three adenylic compounds rapidly approached We} 
equilibrium concentrations for the myokinase reaction; however, the value glucos 
of the ratio (AMP) (ATP)/(ADP)? did not remain at 1 but continued to = ™U™ 
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Fig. 2. Distribution of adenosinephosphates during oxidative phosphorylation. of AT 
Enzyme concentration, 0.81 mg. of N in 3 ml. of incubation mixture. | disapy 
decrease as phosphorylation continued. This situation does not allow us would 
to rule out the possibility of some direct phosphorylation of AMP. AT 


Myokinase—The nature of the distribution of the 7’ P formed during mined 
phosphorylation suggested that ADP might be formed from AMP and parab 
ATP through the action of a myokinase, and that ADP was itself the Table 
primary acceptor rather than AMP. The small amount of ADP or ATP tions. 
present in the mitochondria (see “Effect of aging”) could initiate phos- oe 
phorylation. tratio 

The myokinase or ADP transphosphorylase of liver was first demon- | quite 
strated by Kotelnikova (15). We have observed that the enzyme is as- phosp 
sociated with the mitochondrial fraction of liver,? which probably accounts those 


2 Although associated with mitochondria, the myokinase is readily obtained in * Al 
soluble form. In unpublished experiments conducted with Dr. George Hogeboom, | “PP¢a 
the myokinase was recovered in the soluble protein fraction obtained by subjecting | C?¢er 
mitochondria disintegrated by sonic vibration to centrifugation at 150,000 X g. of the 
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for the inability of Colowick and Kalckar (8) to observe it in aqueous 
extracts. In a typical experiment the distribution of myokinase among 
the various intracellular components obtained by the fractionation proce- 
dure of Schneider (5) in terms of per cent of total homogenate activity was 
as follows: nuclei 15.4, mitochondria 72.2, and supernatant 6.0. 

Table III presents results on the specific myokinase activity*® of some 
mitochondria preparations employed for phosphorylation experiments. 
Corresponding phosphorylating activities are also presented. The latter 
were measured in the usual phosphorylation medium with hexokinase and 
glucose as trapping agent. Both activities measured were therefore maxi- 
mum and are in a ratio of approximately 8:1. Activities in this ratio, 
however, are not possible under the conditions of oxidative phosphoryla- 
tion. If it is assumed that all the AMP, which disappeared during the 
first 20 minutes of phosphorylation in the distribution experiment shown 








Taste III 
Myokinase Activity of Mitochondria 
Preparation No. Myokinase activity (loss of ADP) |Phosphorylating activity (P uptake) 
pM per min. per mg. N BM per min. per mg. N 
12-17 11.30 1.76 
12-18 16.86 1.68 
12-19 15.28 1.84 
12-22 15.12 1.70 
12-29 13.88 1.65 











in Fig. 2, did so through the myokinase reaction, then the total amount 
of ADP formed in this interval was twice the quantity of AMP which 
disappeared and the ratio of the myokinase to phosphorylating activity 
would be 1.3:1. 

ATPase and AMPase—ATPase activities of fresh mitochondria deter- 
mined under conditions of enzyme and substrate concentrations com- 
parable to those existing in phosphorylation experiments are presented in 
Table IV, together with phosphorylating activities of the same prepara- 
tions. Activities are reported on the basis of the amount of enzyme used, 
since ATPase activity was not directly proportional to enzyme concen- 
tration. It is seen from these results that the ATPase activities were 
quite low, amounting to less than 5 per cent of the corresponding rates of 
phosphorylation. These values are of a lower order of magnitude than 
those reported by Schneider, Hogeboom, and Ross (16) for the Ca-acti- 


* Although the maximum activity of the myokinase was determined for the dis- 
appearance of ADP, the maximum rate of the reverse reaction, which is of principal 
concern in phosphorylation, is assumed to be the same since the equilibrium constant 
of the myokinase reaction is equal to 1. 
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vated ATPase of liver mitochondria. Although a direct comparison is not, 
possible since the activities were determined under different conditions, 
a rough approximation of the ATPase activity of their preparations at 
28° would be 9 um of P split per 10 minutes per mg. of N. We have deter. 
mined the ATPase activity of mitochondria in the presence of Mg** under 
conditions otherwise comparable to those of Schneider, Hogeboom, and 











TaBLe IV 
ATPase and Phosphorylating Activities of Fresh and Aged Mitochondria 
Enzyme 
aie Condition 5 | “tess 
tion No. Total N 
mg. aed ‘ -_ pau P taken up per 10 min. 
10-7 0.61 Fresh My . 0.90 | Not determined 
es “© + 0.02 m F- 0.93 ss es 
Mw aged 20 min., 28° 2.08 ee so 
Same + 0.02 m F- 1.86 ee he 
10-5 0.55 Fresh My 0.66 hi ee 
My aged overnight, 0° 1.73 ee = 
10-25 | 0.96 Fresh My 0.33 | 16.3 
My aged 15 min., 28° 1.75 | 15.0 
ere ae Bee! 8 eer 2.33 9.6 
11-10 0.86 Fresh My 0.14] 15.0 
My aged 20 min., 28° 1.84] 11.7 
1-25 | 0.84 Fresh My —0.21} 14.3 
Mw aged 15 min., 28° +1.96 | 13.5 
ce OS Bae SF Re 3.64 9.2 
fen. °° tee 5.92 4.8 
Co ee aa TRS 6.21 1.9 
11-13 | 0.71 Fresh My 0.89 |} 13.4 
Mwy aged 25 min., 28° 2.07 6.7 
Same aged with 0.002 m AMP 1.17 | 12.0 
£8 rs ** 0.002 ‘* ADP 0.86 | 11.8 
e SE  0:002'"* ATP 0.24] 11.9 

















~~ 


Ross, and have found similar values. On the other hand, the ATPase 
activities of fresh mitochondria reported in this work are very low, on the ° 


average about 0.6 um of P split per 10 minutes per mg. of N. 

Small negative values for ATPase activity were occasionally obtained 
(e.g. Preparation 1-25 in Table IV). It is possible that a small amount of 
endogenous oxidizable material might account in part for these negative 
values and, to a limited extent, for the low values obtained in general, but 
it would be difficult to explain the differences in ATPase activities de- 
scribed above, or the changes which occurred on aging (described in a fol- 
lowing section) on this basis. The high dilution of the mitochondrial 
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suspension in a non-ionic medium and the higher temperature (38°) of 
the procedure of Schneider, Hogeboom, and Ross probably caused the 
same changes in the enzyme as the conditions of aging did in our 
experiments. 

The ATPase activity of fresh mitochondria was not significantly affected 
by fluoride, but the activity of the aged preparations was slightly de- 
pressed by fluoride (Table IV). 

Under the conditions employed, no dephosphorylation of AMP by mi- 
tochondria was observed. 

Effect of Aging—When the usual preparations of mitochondria sus- 
pended in isotonic sucrose are allowed to age, their ability to carry on 
oxidative phosphorylation undergoes changes. Impairment of phospho- 
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Fic. 3. Uptake of phosphate during oxidation of a-ketoglutarate by aged mito- 
chondria. Enzyme concentration, 28° aging, 0.96 mg. of N in 3 ml. of incubation 
mixture; 0° aging, 0.81 mg. of N in3 ml. 


rylating ability as the result of aging has been observed by others (17-19). 
The decreased activity has generally been considered as a loss of activity. 
However, we have observed that the aging process is reversible to a lim- 
ited extent. The phosphate uptake versus time curves show a noticeable 
induction or lag period, after which the rate may approach that of the 
fresh enzyme if aging conditions have been mild, or phosphate uptake may 
proceed at a lower rate if aging has been qoore severe. Fig. 3 shows these 
aging characteristics in the phosphorylation system containing hexokin- 
ase and glucose. Similar aging characteristics were also noted when the 
7’ P was allowed to accumulate in the medium. A behavior similar to the 
lag phase in our experiments has recently been observed by Slater (14). 
The effect of aging also extended to the ATPase activity of mitochon- 
dria. Mitochondria, no longer able to take up inorganic phosphate (with 
hexokinase and glucose), exhibited an approximate 10-fold increase in 
ATPase activity. Under milder conditions of aging, the changes in ATP- 
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ase activity were less extensive. Some representative data for the as- If t 
sociated changes in ATPase activity and phosphorylating ability of aged the la 
mitochondria are presented in Table IV. A similar behavior of the Mg. P © 
activated ATPase of muscle has previously been observed (12). phosr 

The induction or latent phase in the phosphorylation versus time curves | possit 
of aged mitochondria suggested that there might be loss of one or more | unin 
essential components from the mitochondria which could be resynthesized failed 
in concentrations sufficient to restore the original rate of phosphorylation and g 
if aging had not been carried too far. Since the initial aging process ap- aged 
pears to be a reversible one, possible components which might be lost from 0.002 


Att 

TABLE V syste! 

Analysis of Inorganic Phosphate and 7’ P of Fresh and Aged Mitochondria induc 

6 ml. of mitochondria were incubated for 20 minutes at 28°, and then chilled. In 
0.3 ml. was removed for the determination of the rate of phosphate uptake as de- } homo 


scribed in the text. 5.0 ml. were centrifuged at 20,000 X g for 20 minutes, the super- t | 
natant was removed, and the pellet homogenized with a small volume of isotonic | acto 
sucrose. 0.5 ml. of 30 per cent PCA was added and the mixture thoroughly homo- has | 
genized after dilution to 5.0 ml. The temperature during these operations was | poun 
maintained near 0°. The isotonic sucrose supernatant and the PCA extract (resi- | ity, 

due) were analyzed for inorganic phosphate and 7’ P. Fresh mitochondria were 
































this 1 

analyzed for inorganic phosphate 7’ P in the same manner. wikis 

Phosphorylating Inorganic P 7”? 
activity (aver- | __ fe 
Preparation No. age maximum | 

> Residue (Supernatant! Residue io: It 

a) uM per ‘ie, um P per | um P per | um P per pu P pony effect 

per mg. N mg. N mg. mg. N mg. N that 

ee 1.72 | 0.085 | 0.039 | 0.146 | 0.029 | gong 

My aged 20 min., 28°.......... 1.50 | 0.042 0.217 | 0.064 0.029 | : 

Ot) vita alpina Fall be wl a 
. . . . . . . satis! 
mitochondria during this phase of aging could readily be conceived of as | gene 
members of the adenylic system. We therefore attempted to observe | jgten 
whether any changes occurred in the labile phosphate compounds in mito- | giyq 
chondria during aging. The results of one such analysis are given in| oyiq, 
Table V, which shows that 56 per cent of the 7’ P of mitochondria was | prine 
lost under aging conditions which resulted in little change in the maximum _ gyee 
rate of phosphorylation finally attained. In another analysis on the myo 
nature of the 7’ P in mitochondria, it was found that 75 per cent was pres- | "Ty 
ent as ADP and ATP, as determined by the amount of 7’ P transferred to appe 
glucose with hexokinase and myokinase. In Table IV, it is noted that the | yey 


lr A 


decrease in 7’ P in mitochondria reappeared only as inorganic phosphate | of ¢p 
in the supernatant. Furthermore, other phosphorus compounds in the | tg ¢h 
mitochondria must also have been degraded, since only 60 per cent of the 


ne phon 
increase in inorganic phosphate can be accounted for by the change in 7’ P. 
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If the loss of 7’ P from mitochondria has any significance in relation to 
the latent period of phosphorylation of the aged enzyme, then these labile 
P components must first be built up again in the mitochondria before 
phosphorylation can assume a maximum rate. ADP was considered as a 
possible essential component which might be lost from mitochondria 
during aging. However, ADP, when substituted for AMP in the system, 
failed to abolish the latent period of phosphorylation of the aged enzyme 
and gave improved maximum rates of phosphate uptake only with severely 
aged preparations under conditions of low ADP concentrations (0.001 to 
0.002 m). 

Attempts to employ low concentrations of ATP along with AMP in a 
system lacking hexokinase were equally unsuccessful in eliminating the 
induction phase. 

In experiments on maintenance of oxidative phosphorylation in kidney 
homogenates, Pardee and Potter (17) observed that ATP was a stabilizing 
factor giving limited protection against loss of activity. This observation 
has been confirmed in our experiments in which all the adenylic com- 
pounds tested (AMP, ADP, and ATP) prevented extensive loss of activ- 
ity. Table IV (Preparation 11-13) presents results of one experiment of 
this type. It can also be seen in Table IV that the increase in ATPase 
activity which invariably occurs in aging was also prevented. 


DISCUSSION 


It is commonly observed (1, 4, 14) that ATP or ADP functions more 
effectively in oxidative phosphorylation than does AMP, which implies 
that ADP may be the preferred phosphate acceptor. The present report 
conforms to this point of view. The high rates of phosphorylation ob- 
tained with AMP as the external source of phosphate acceptor can be 
satisfactorily explained on the basis of the myokinase reaction which 
generates ADP from ATP and AMP. This mechanism requires the ex- 
istence of some ATP or ADP in the mitochondria to start the reactions. 
Studies on the distribution of ADP and ATP formed from AMP during 
oxidative phosphorylation do not indicate stepwise phosphorylation as the 
principal mechanism. At no time during the phosphorylation did ADP 
exceed ATP in spite of initial high AMP concentrations which favor the 
myokinase reaction in the direction of ADP accumulation. 

The myokinase or ADP phosphomutase reaction would not normally 
appear to be a limiting one in the phosphorylation process since ADP as 
well as ATP accumulates in the system. However, since the actual rate 
of the myokinase reaction during phosphorylation is only slightly superior 
to the rate of phosphate uptake, factors which may impair the ADP phos- 
phomutase would be expected to interfere with the phosphorylation re- 
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action as well. In this regard, the marked suppression of phosphate up- 
take by fluoride, when 7’ P was allowed to accumulate in the system in 
contrast to the slight effect of fluoride noted when hexokinase and glucose 
were present, may be due to inhibition of myokinase by fluoride.‘ In the 
system containing hexokinase and glucose, phosphate uptake would be 
relatively independent of ADP regeneration by myokinase. 

Our observations on the effect of aging suggest a relationship between 
phosphorylating activity and loss of phosphorus from mitochondria. 
Fresh mitochondria contain considerable quantities of ADP and ATP 
which permit appreciable rates of phosphorylation without added phos- 
phate acceptor (with hexokinase and glucose). When the preparations 


are aged, 7’ P as well as other types of phosphorus compounds are de- | 
graded and the P lost as inorganic phosphate from the mitochondria (¢f. | 
Green et al. (19)). Phosphorylation with the aged enzyme may be | 


scarcely apparent without added phosphate acceptor or, if the enzyme 
has been badly aged, no phosphate uptake may occur under any circum- 
stances. It would thus appear that in our experiments the ADP (or ATP) 
present in mitochondria in critical supply is necessary to initiate the phos- 
phorylation process. If the formation of optimum levels of ADP accounts 
for the induction period in the phosphate uptake versus time curves of the 
aged enzyme, one might expect that substituting ADP for AMP as the 
external phosphate acceptor would eliminate the induction effect to some 
extent. Our failure to observe this effect with added ADP suggests that 
concentration of the free substance may not be the limiting factor in- 
volved. Yet the ability of all three adenylic substances (AMP probably 
functioning through inhibition of myokinase) to protect the system against 
deterioration indicates that ATP or ADP may be at least indirectly re- 
sponsible for the maintenance and resynthesis of essential cofactors such 
as flavin-adenine dinucleotide in which a high rate of incorporation of 
radioactive phosphorus has been observed during oxidative phosphoryla- 
tion (20). Such resynthesis could reasonably occur only if the products of 
degradation which cannot be supplied by the medium lingered within the 
mitochondria. A similar view-point has been expressed by Potter (21) 
to explain the protective function of the adenine nucleotides. 

The proper assessment of ATPase activity in oxidative phosphorylation 
has been a matter of some uncertainty (1, 4, 22). Such considerations are 
necessarily important in arriving at a true measure of the extent of phos- 
phorylation with enzyme preparations showing appreciable ATPase ac- 
tivity. 

We find it difficult to escape the conclusion that the so called ATPase 


‘ Unpublished data of R. Kielley. 
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activity of mitochondria is largely the result of degradative changes oc- 
curring during aging and that the fresh material possesses little or no 
ATPase activity. Determinations of ATPase activity in the usual man- 
ner indicated that the fresh and least damaged preparations always 
possessed the lowest ATPase activities and showed the highest rates of 
oxidative phosphorylation. Aging the enzyme caused relatively enormous 
increases in ATPase activities and reciprocal changes in phosphorylating 
activities. The low ATPase activities of fresh mitochondria cannot be 
attributed solely to endogenous oxidizable materials held within the par- 
tides since incubation of the enzyme in the presence of adenylic com- 
pounds did not materially affect either the ATPase or phosphorylating 
activities. The lack of a beneficial fluoride effect on the P:O ratios and 


the lack of competitive improvement in the ratios with hexokinase also 
ay be | 





ucts of | 
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support the view that the low ATPase activity is an inherent property of 
intact mitochondria. 

The possibility of an inactive ATPase enzyme complex functioning in 
the phosphorylation process is now under investigation. 


SUMMARY 


A simplified procedure for preparing mitochondria suspensions from 
isotonic sucrose homogenates has been described. These preparations ex- 
hibit high rates of net 7 minute phosphorus formation from adenylic acid 
during the oxidation of a-ketoglutarate in the absence of inhibitors such 
as fluoride, and show very low dephosphorylating activities. 

It has been possible to study the complete phosphorylation of AMP in 
this system and to interpret the characteristics of this process on the basis 
of adenosinediphosphate as primary phosphate acceptor and the presence 
of a myokinase in mitochondria. The activity of this transphosphorylase 
has been directly determined and is of considerable magnitude. It has 


_ also been demonstrated that probably all of the myokinase is associated 


with the mitochondrial fraction. 

The changes in the characteristics of oxidative phosphorylation and 
adenosinetriphosphatase activity as the result of incubation of the enzyme 
at 28° in the absence of substrates have been studied. The inactivation 
of the phosphorylation system by aging has been considered in two phases, 
an initial lag phase which is completely reversible in short aging experi- 
ments and a permanent reduction in activity observed with more severely 
aged mitochondria. The initial very low ATPase activity of the mito- 
chondria was increased to appreciable magnitudes by aging. All the char- 
acteristics of aging were prevented to a large extent by AMP, ADP, or 


ATP. 
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THE METABOLISM OF 1-C"-L-ASCORBIC ACID IN 
GUINEA PIGS* 


By J. J. BURNS, H. B. BURCH, anno C. G. KING 
(From the Department of Chemistry, Columbia University, New York, New York) 


(Received for publication, December 2, 1950) 


A tracer study of the metabolism of ascorbic acid was desirable, since 
knowledge of the end-products resulting from its degradation in vivo was 
lacking and there was very little evidence of its incorporation into tissue 
components. 

1-C“-1L-Ascorbic acid was synthesized and used to study the over-all 
metabolism and tissue distribution of the substance in scorbutic guinea 
pigs and in comparable test animals receiving 2.0, 15.0, and 50.0 mg. daily 
supplements of ascorbic acid. The amount of C™ eliminated in respir- 
atory carbon dioxide, urine, and feces, and the residual quantities dis- 
tributed in their tissues were determined. It was possible to account for 
essentially all of the 1-C'*-t-ascorbic acid administered orally or intra- 
peritoneally. 

The precursor relationship of ascorbic acid to urinary oxalate was in- 
vestigated also. Conversion of ascorbic acid to oxalic acid and L-threonic 
acid can be demonstrated readily in vitro (1, 2), but there had been no 
qualitative or quantitative evidence of the reaction in vivo. The pos- 
sibility that ascorbic acid might participate in the formation of urinary 
oxalate has, of course, been suggested (3, 4). Measurement of C™ in 
calcium oxalate isolated from the urine of guinea pigs after administration 
of the labeled ascorbic acid has now furnished evidence that oxalic acid 
is an end-product of ascorbic acid metabolism. The precursor relation- 
ship of glucose to urinary oxalate was also investigated. 

One of the most clearly established functional réles of ascorbic acid is its 
participation in the formation of intercellular substance of connective 
tissue (5, 6), but the chemical mechanism by which ascorbic acid main- 
tains the physical state of intercellulay material is not known. After 
administration of radioactive ascorbic acid, an appreciable concentration 
of C“ was observed in such representative connective tissues as nasal 
septum and skin. Hence, the possibility was explored that the carbon 


* This investigation was supported by grants from the Nutrition Foundation, 
Inc., the United States Public Health Service, and Hoffmann-La Roche, Inc. A 
report based on a portion of the data given herein was presented before the American 
Society of Biological Chemists at Atlantic City, April 18-20, 1950. 
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chain of ascorbic acid may serve as a precursor of an important unit in 


combt 
connective tissue, such as a mucopolysaccharide or collagen. cator, 
baum 
EXPERIMENTAL ; 
bustio 


Synthesis of Labeled Compownd—1-C"-L-Ascorbic acid was synthesized Bar 
from t-xylosone by modifications of earlier methods (7-9). A report of 
the synthesis has been presented (10, 11). 

Experimental Animals—Male guinea pigs purchased from Rockland &**™ 
Farms, 2 to 3 months old and weighing 275 to 420 gm., were used. The 
scorbutic guinea pigs were maintained on an ascorbic acid-free diet for 
25 days prior to the administration of 1-C'-L-ascorbic acid. The animals. Guinea 
showed a marked decline in weight after the first 15 days and upon au- ‘ 
topsy on the 25th day showed the characteristic signs of scurvy. Other 
guinea pigs received a deficient diet supplemented daily with graded oral 
doses of ascorbic acid (2.0, 15.0, and 50.0 mg. dissolved in 1 ml. of distilled 
water) for at least 15 days prior to the radioactive feeding experiments. 
The animals all showed normal increases in weight during the period. 

Biological Tests—The indicated quantities of radioactive ascorbic acid 
(Table I) were given in 0.5 ml. of water, either orally or intraperitoneally. 
The animals were immediately placed in a metabolism chamber (12-14) 
which was designed to permit periodic collections of respiratory carbon 
dioxide in 2.5 N sodium hydroxide. The guinea pigs were permitted access 
to the scorbutigenic diet and water while in the metabolism chamber. At 
the end of the experimental period, the test animals were stunned by a dose « 
blow at the base of the skull and decapitated, and the blood was collected | suppl 
in 10 mg. of heparin. The organs and tissues were removed, weighed, | ™°*- 
and stored at —15° until processed for Ct assay. The stomach and in- qying 
testinal tract were washed with water and the ‘contents were collected. had 1. 
In the case of Guinea Pig 3, one-half of the liver was used for the isolation tU 
of liver glycogen, by a combination of the methods of Stetten and Boxer §T 
(15) and Good et al. (16). The feces were dried in a vacuum desiccator } mals, 
over Drierite for 5 days. of M 

Preparation of Samples for C'* Assay—Respiratory carbon dioxide was 


| 


or cor 


) 


COOoOnoo rf WN 





* 
ex | 


et al. 

absorbed in 2.5 N sodium hydroxide and precipitated with barium chloride got 
by the procedure of Mackenzie et al. (14). beweas 
Tissues were homogenized in a Waring blendor or ground in a mortar | e9yn; 
with sand, and were then diluted with water to a convenient vol- | not g 
ume. The animal residue and intestinal contents were dissolved in hot | fop 4 
50 per cent sodium hydroxide solution. The blood was centrifuged and preci 
the plasma removed. The red blood cells were hemolyzed in 10 ml. of | ye 
distilled water. of gu 
Convenient aliquots of the homogenates and solutions were placed in a 
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combustion tubes (17). After evaporation to dryness in a vacuum desic- 
eator, they were subjected to wet combustion by the method of Linden- 
baum et al. (17). Sufficient organic material was taken for each com- 
bustion to furnish 20 to 45 mg. of barium carbonate. 

Barium carbonate was collected on disks of filter paper by the method 


TABLE I 


C4 in Respiratory Carbon Dioxide and Urine of Guinea Pigs after Administration of 
1-C'-L-Ascorbic Acid 









































Per cent of administered C™ found in 
Gui , ; Ascorbic 1-C¥4-1- 
—"" Weight acid supple-| ascorbic Expired CO: at end of | 
ment acid givent Urinet 
1hr. | 2hrs. | 3 brs. | 6 hrs. | 10 hrs. | 24 hrs. 
gm. mg. mg. 

1 345 0.0 5.44 0.5 1.5) 27} S27) $8.1 | 102) S22 
2 265 0.0 5.00 3.5 7.2} 9.4 | 14.1 28.4 | 8.40 
3§ 340 2.0 3.60 6.3 | 14.6 | 18.3 | 24.1 | 28.0 | 35.9 | 1.64 
4§ 312 2.0 3.60 2.1 7.0 | 10.0 | 16.1 | 18.7 | 26.8 | 3.48 
5 357 2.0 4.14 1.2 3.5 | 6.2! 7.8 | 14.3 | 23.2 | 9.00 
6 365 2.0 2.23 }.1 3.3 | 6.0 | 11.3 | 15.6 | 25.7 | 6.30 
7 400 2.0 3.32 3.6 | 6.4| 8.6 | 15.9 | 6.50 
8 420 15.0 15.00 0.9 2.5| 4.5 | 9.4 | 18.7 | 25.6 | 6.84 
9 292 50.0 | 50.00 0.5 1.5} 2.5 | 4.7| 6.5 | 12.4 (41.1 








* Guinea pigs received scorbutigenic diet supplemented daily with indicated 
dose of ascorbic acid for 2 weeks prior to the experiment. Animals not receiving 
supplement were maintained on scorbutigenic diet for 3 weeks prior to the experi- 
ment. 

t Ascorbic acid had specific activity of 8.05 X 105c.p.m. per mg., except that given 
Guinea Pig 8 which had 7.53 X 10‘ c.p.m. per mg. and that given Guinea Pig 9 which 
had 1.70 X 104 c.p.m. per mg. 

t Urine collected for 24 hours. 

§ To these animals the radioactive ascorbic acid was given orally; to other ani- 
nals, intraperitoneally. 


of Mackenzie et al. (14), the filtration apparatus developed by Henriques 
etal. (18) being employed. 

Measurement of Radioactivity—The r4dioactivity of the barium car- 
bonate disks was measured with a “Q gas” counter.' All samples were 
counted to at least 2500 counts, representing a standard error for counting 
not greater than +2.0 per cent (19). Radioactivity values were corrected 
for background and self-absorption and were found to have an over-all 
precision of +6.0 per cent. 

Isolation of Urinary Oxalate—Isolation of calcium oxalate from the urine 
of guinea pigs after the administration of 1-C™-L-ascorbic acid was carried 


‘Nuclear Instrument and Chemical Corporation, Chicago, Illinois. 
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out by modifications of methods used for the determination of urinary ing 8 
oxalic acid (20, 21). tempt 

A 24 hour urine sample was collected in 7 ml. of 4 N hydrochloric acid oe 
containing 140 mg. of non-radioactive oxalic acid dihydrate. The total the - 
radioactivity of the urine was determined by taking 0.1 ml. aliquots for “#letu 
combustion. The remaining urine contained in the collection cup was found 
immersed in a boiling water bath for 30 minutes to hydrolyze any oxaluric total 
acid present. After cooling to room temperature, the urine was filtered 
and calcium chloride (140 mg. dissolved in 5 ml. of water) was added. 


The solution was adjusted to pH 5.0 with 3 N ammonium hydroxide. The f “ 
precipitated calcium oxalate was centrifuged and washed three times with , yi 
25 ml. portions of distilled water. The precipitate was then dissolved in ee 
6 ml. of 3 N hydrochloric acid and the solution was filtered. The acidified ae 
solution was extracted with 60 ml. of U. 8. P. ether in a micro extractor 
for 14 hours. After extraction, 10 ml. of water were added, and the ether woe 
was evaporated on a steam bath. The remaining aqueous solution was a ; 
treated with 0.5 gm. of norit, filtered, and adjusted to pH 5.0 with 3 n\ n es 
ammonium hydroxide. Calcium oxalate monohydrate was precipitated om 
by adding 140 mg. of calcium chloride in 4 ml. of water to the solution at Saal 
the temperature of a boiling water bath. The precipitate was washed te 
three times with 25 ml. portions of distilled water and collected as a disk pm 
on filter paper by the same method as given previously for barium car- en 
bonate. The calcium oxalate monohydrate was washed with two 5 nil. iia 
portions of absolute alcohol and dried under an infra-red lamp for 5 min- elite 
utes (yield, 55 to 65 mg.). ! rea 
The calcium oxalate disks were counted directly or converted to barium ; 
carbonate by the wet combustion method (17). An empirical conversion a 
factor was determined, relating radioactivity data obtained by counting D 
both compounds. na 
The radioactive purity of the isolated calcium oxalate was established dm; 
by its conversion to oxalic acid, which was then purified by crystallization } ; ms 
from water and sublimation. There was no change in the specific activity ye 
of calcium oxalate reprecipitated after this purification. ts : 
To rule out the possibility of a conversion of either the radioactive ote 
ascorbic acid or its oxidation product excreted in the urine of the guinea itor 
pig to oxalic acid during the isolation, the following experiment was 3.43 
performed. "ae 
To 24 hour specimens of guinea pig urine collected in 7 ml. of 4 N hy- bod 
drochloric acid containing 140 mg. of oxalic acid dihydrate were added pet 
1 mg. quantities of ascorbic acid and dehydroascorbic acid (each contain- ei 
2 Ace Glass, Inc., Vineland, New Jersey; catalogue No. 6820. oral 
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ing 8.05 X 10° c.p.m.). After the urine samples had stood at room 
temperature for 24 hours, the calcium oxalate was isolated and counted. 
In no case was more than 0.4 per cent of added radioactivity found in 
the isolated oxalate. This amount of radioactivity carried through into 
calcium oxalate is insignificant compared to the activity of the oxalate 
found after feeding 1-C™-L-ascorbie acid, when 7.9 to 63.2 per cent of the 
total urine activity was present as oxalate (Table II). 


RESULTS AND DISCUSSION 


Excretion of C'\—Data are presented in Table I on the respiratory and 
urinary excretion of C“ during 24 hours after administration of 1-C"-L- 
ascorbic acid. These animals all showed a similar pattern of elimination 
of radioactive carbon dioxide. Immediately following administration of 
the labeled ascorbic acid a high rate of expiration occurred, falling to a 
constant rate by the 24th hour (0.46 to 0.62 per cent of administered C™ 
per hour). The attainment of this constant low rate by the 24th hour 
indicates that the labeled compound was in equilibrium with the non- 
radioactive ascorbic acid already present in the tissues. Evidence cited 
later in the paper (Table V, analyses, and data on septum) shows that 
most of the C™ was present in the animal as ascorbic acid. 

In the case of Guinea Pig 7, which received ascorbic acid intraperi- 
toneally, the elimination of C™ in respiratory carbon dioxide was followed 
over a 10 day period (Fig. 1). During this time the animal received a 
scorbutigenic diet. The curve representing C™ in respiratory carbon di- 
oxide indicates the rate of degradation to carbon dioxide as the animal 
became depleted of ascorbic acid. During the 10 day experimental 
period, 66 per cent of the administered C“ was expired as carbon dioxide 
and 22 per cent was eliminated in the urine. 

During one oral feeding experiment (Guinea Pig 3) the feces were col- 
lected for a 24 hour period and were found to contain 0.77 per cent of the 
administered C“%. No measurable activity was found in the gastroin- 
testinal washings of this animal. 

Data on the excretion of C“ in the urine are given in Table I. It will 
be noted that the guinea pigs which received the 2.0 mg. supplement of 
ascorbie acid excreted considerably mort C™ in the urine after intraper- 
itonieal injection (6.30 to 9.00 per cent) than after oral feeding (1.64 to 
3.43 per cent). In contrast, oral feeding resulted in a greater respiratory 
loss during the first few hours. The total loss of ascorbic acid from the 
body during the first 24 hours was nearly equal after either mode of ad- 
ministration. This finding is in agreement with our observation that the 
protective dosage in guinea pigs is nearly equal when ascorbic acid is given 
orally or intraperitoneally. 
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Conversion of Ascorbic Acid to Urinary Oxalate—In Table II data are 
presented on the incorporation of C™ into urinary oxalate after the ad- 
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Fig. 1. Elimination of C™ in respiratory carbon dioxide and urine after adminis- 
tration of 1-C'4-L-ascorbic acid (Guinea Pig 7). 


TABLE II 


Excretion of Cin Urinary Oxalate after Administration of 1-C'4-u-Ascorbic Acid and 
C4.Glucose to Guinea Pigs* 




















| | } 
3 * -, |Daily ascorbic 1 Per cat of | Per cent of 
ne lei | oe | a” | See | 
mg. c.p.m. 

1-C"*-L-ascorbic acid 2 0.0 85,500 25.4 | 2.13 

3t 2.0 30,200 63.2 | 1.04 
4t 2.0 34,700 35.0 1.20 

4ATt 2.0 10,900 39.8 | 0.60 

5 2.0 69,800 23.3 | 2.10 

9 50.0 | 27,800 7.90 | 8.24 

C*-Glucose§ 10 2.0 | 640 | 0.26 0.065 





* Urines collected for 24 hours, with the exception that the urine of Guinea Pig 
4A was collected for only 10 hours. 

{ To these animals radioactive ascorbic acid was given orally; to the remaining 
animals, intraperitoneally. 

t Guinea pig, weighing 350 gm., received 2.30 mg. of radioactive ascorbic acid. 
Urine was collected under conditions to rule out fecal contamination. 

§ 20 mg. of uniformly labeled radioactive glucose, which had a total activity of 
1.0 X 10° c.p.m., were given intraperitoneally. 
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a are ministration of 1-C'*-L-ascorbic acid and uniformly labeled glucose. The 

e ad- amount of C™ in the isolated calcium oxalate is presented as the per cent 
of total urine activity and as per cent of the administered C. The ex- 
tent of C incorporation into urinary oxalate after administration of radio- 
active glucose was insignificant compared to the amount found after ad- 
ministration of 1-C'*-L-ascorbie acid. 

In Table III results are presented on the excretion of C™ in urinary 
oxalate during 5 days after administration of radioactive ascorbic acid 
(Guinea Pig 7; see Fig. 1 for the over-all elimination of C™ in carbon di- 
oxide and urine). During the 5 day period more than one-third of the 
total activity found in the urine was excreted as oxalate. 

The possibility that fecal contamination of urine might be responsible 
for the conversion of ascorbic acid to oxalate was investigated. In the 


TaB_eE III 


Excretion of C4 in Urinary Oxalate during § Days Following Administration of 
1-C'4-L-Ascorbic Acid* 























Day C4 in oxalate Per baa C¥ in Per cent of dose in oxalate 
aes 3 c.p.m. | 

iminis- 1 28,000 | 16.0 1.05 

2 23 ,000 28.5 0.86 

3 20 , 200 35.0 0.76 
il 4 24,000 41.5 | 0.90 
mn 5 22,600 39.2 | 0.85 

. | *Guinea Pig 7, Table I. 

cent of 
ose in | 
salate metabolism apparatus used in these experiments (13), it was impossible 
to prevent such contamination from occurring. In one experiment (Guinea 
13 Pig 4A, Table II), the animal was placed on a thin wire mesh screen and 
.04 the urine was collected directly beneath in 7 ml. of 4 N hydrochloric acid 
.20 


) (containing 140 mg. of oxalic acid dihydrate). During a 10 hour period, 





2 essentially no fecal contamination occurred. It will be seen that 39.8 per 
“on cent of the total urinary activity was excreted as oxalate. 

065 Guinea pigs have been reported to exqrete 0.57 to 0.87 mg. of oxalate 
—— | during a 24 hour period (22). In our experiments the amounts of oxalate 
ea Pig | excreted by guinea pigs receiving 2 mg. supplements of ascorbic acid ranged 
— from 0.4 to 1.2 mg. during 24 hours, as determined by the method of 

Powers and Levatin (23). 

e acid. The large amount of radioactivity present in the small amount of oxa- 
—— ’ We are indebted to Dr. W. Z. Hassid of the University of California for the sam- 


ple of radioactive glucose. 
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late establishes ascorbic acid as a precursor of endogenous urinary oxalate 
in guinea pigs. 

Distribution of C“ in Organs and Tissues—The distribution of C™ in 
the tissues of guinea pigs 24 hours after administration of 1-C'*-L-ascorbic 
acid is recorded in Table IV. 

The over-all recovery of C4 was determined in the case of Guinea Pig 3, 
At least 93 per cent of total C’ administered can be accounted for by 
adding the amounts of C™ found in tissues and residue (Table IV), in 
carbon dioxide and urine (Table I), and in feces (0.77 per cent). 

Fig. 2 furnishes a comparison of the concentrations of C™ in the tissues 
of Guinea Pig 1, maintained on a scorbutigenic diet, and Guinea Pig 5, 
receiving a 2.0 mg. daily ascorbic acid supplement. The pattern of dis. ' 
tribution was similar in both animals. 

The results in Fig. 2 show the markedly different concentrations of 
C* in various tissues after administration of 1-C'-L-ascorbic acid. The 
data are in good agreement with results based upon chemical analyses (24), 

In Table V the relative concentrations of C are compared with those of 
ascorbic acid found chemically by Penney and Zilva (25), who also worked | 
with guinea pigs receiving 2.0 mg. of ascorbic acid daily. The similarity 
in the pattern of distribution furnishes evidence that C' measured in 
these tissues was present chiefly as ascorbic acid. } 

The specific activities of C™ in several organs and tissues, 24 hours after 
administration of 1-C'-1-ascorbic acid, are given in Table VI. The values } 
are expressed as per cent of C remaining in the animal per mg. of total 
carbon in each tissue. 

The content of C™ in the teeth of Guinea Pig 9, which had been main- 
tained on a 50.0 mg. daily supplement of ascorbic acid prior to the in- 
traperitoneal administration of radioactive ascorbic acid, will be noted in 
Table IV. When the specific activities of the incisor and molar teeth are 
calculated as per cent of C remaining in the animal per mg. of carbon 
(X 107), the values 2.34 and 2.45, respectively, are obtained. If these | 
values are compared with the specific activities of other tissues of the 
same animal (Table VI), it can be seen that the teeth had values approxi- 
mately 4 times greater than those from such organs as the adrenals, spleen, 
and liver. The result is of interest because of the important réle of as- 
corbic acid in maintaining normal growth and structure of the teeth. 

No measurable radioactivity was found in liver glycogen isolated from 
Guinea Pig 3. The test would have detected the presence of as little as 
0.02 per cent of the dose in the 0.28 gm. of glycogen isolated. 

Incorporation of C'* in Skin and Cartilage—Chondroitinsulfuric acid frac- 
tions were isolated from composite samples of skin and cartilage of two 
scorbutic guinea pigs (Nos. 1 and 2) by the method of Meyer and Chaffee 





+ — 
Distribution of C+ in Tissues 24 Hours after Administration of 1-C'*4-L-Ascorbic Acid* 








Daily supplement of ascorbic acid 
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(27). The total activities present in the skin and cartilage samples were 
4.80 X 10° ¢.p.m. and 1.57 X 105 ¢.p.m., respectively. Analyses for glu. 
curonic acid and sulfur showed that the fractions contained approximately 
80 per cent of chondroitinsulfuric acid, as calculated from the formula of 
Levene and La Forge (28). No detectable radioactivity was found jn 
either isolated fraction. Hence, despite the structural resemblance be. 
tween ascorbic acid and glucuronic acid, the above result is consistent 
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Fig. 2. Concentration of C in organs and tissues of guinea pigs 24 hours after 
administration of 1-C'4-L-ascorbic acid. 


with our observation that 1-C'-L-ascorbic acid does not serve as a pre- 
cursor of glucuronic acid in borneol-treated guinea pigs (29). } 

Collagen was isolated from a 2.5 gm. sample of skin (containing 1.56 X 
104 c.p.m.) by the method of Highberger (30). No measurable radio- 
activity was found. This result does not rule out the possibility of the 
carbon chain of ascorbic acid being incorporated into a polysaccharide 
fraction that might have been removed during the isolation of collagen. 

Further studies on connective tissue were made to determine the solu-} 
bility characteristics of the incorporated C" activity. The activity was 
completely extracted, within the precision of our method, from homogen- 
ized nasal septa and skin by either water or 8 per cent acetic acid at 4 
in 2 hours. 

To determine whether the C measured in nasal septa was still present 
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as ascorbic acid, a carrier dilution experiment was performed.‘ Two guinea 
pigs, Maintained on a scorbutigenic diet for 2 weeks, were each given 
intraperitoneally 4.4 mg. of radioactive ascorbic acid (1.5 X 10° ¢.p.m. 


TABLE V 
Comparison of Relative Concentrations of C4 and Ascorbic Acid in Tissues 





C4,* per cent of dose per |Ascorbic acid,t mg. per 100 














Tissue gm. wet tissue, relative to| gm. wet tissue, relative to 
adrenals = 100 adrenals = 100 
RROTILLES oaisg ssh: 5502 hotoce innate ere 100.0 100.0 
SACI snsheiiercrac Ge sacs st acmrcn eens 55.4 44.2 
B SmasllintOstinGSs ...65 ced ese oases 33.2 20.0 
Bone MASTOWS << cbd casi oe eee 18.6 15.2 
BULA OLN) ders chsh aig Wiarere wteed en arya ae eee 10.4 8.1 
ERP GU esis coin. holon nS ee eee 8.4 8.1 
RONG YB 5:18 crit shia seaionsitetn eae 5.6 6.2 
MMBC 5c tence ek itera nero 2.1 2.1 





* Calculated from data on Guinea Pig 5, which had received 2 mg. of ascorbic 
acid daily for 15 days. 

+ Calculated from data of Penney and Zilva (25) for guinea pigs which were main- 
tained on 2.0 mg. ascorbic acid daily for 15 days. Ascorbic acid was determined 
by the 2,4-dinitrophenylhydrazine method of Roe and Kuether (26). 











Tas.e VI 
Specific Activities of C4 in Tissues 24 Hours after Administration of 1-C'4-L-Ascorbic 
Acid 
Specific activiti d t of C4 remaining i imal . 
— ‘a pecific activities expresse . Leda pg he aining in animal per mg. 
No 8 supplement of 
ascorbic acid Small ; 
Adrenals Spleen intestities Septum Liver 
1 0.0 1.95 1.55 1.30 0.53 0.26 
5 2.0 yA yf 2.02 1.78 0.18 0.32 
8 15.0 1.54 0.83 0.89 0.12 0.14 
9 50.0 0.61 0.67 0.68 0.22 0.60 























*C4 remaining in each animal calculated by difference between the amount 
administered and the amount in the respiratdry carbon dioxide and urine. 


per mg.). The animals were sacrificed at the end of 24 hours. The septa 
were removed immediately, pooled, and homogenized by grinding with 
sand in 16 ml. of cold 8 per cent acetic acid. 200 mg. of non-radioactive 


‘ Data were not available on the level of ascorbic acid present in the nasal septum. 
By the method of Lowry et al. (31), the amount of ascorbic acid in a pooled sample 
of septa from fifteen normal guinea pigs maintained on Rockland Farms guinea pig 
diet was found to be 0.025 mg. per gm. of wet tissue. 
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ascorbic acid were added. After standing 2 hours at 4°, the homogenate 
was centrifuged. The total amount of C determined in the homogenate 
was 3225 c.p.m.; in the supernatant, 3160 c.p.m. The slightly opalescent 
supernatant was adjusted to pH 3.5 with solid sodium acetate and treated 
with hydrogen sulfide under conditions to effect the quantitative conver. 
sion of any dehydroascorbic acid to ascorbic acid (82). The solution was 
passed first through a cation exchange column containing 20 gm. of Am. 
berlite IR-100-H® and then through an anion column containing 10 gm. 
of Amberlite IR-4B. Details for the adsorption and elution of ascorbic 
acid from the anion column have been given (12, 33). From one portion 
of the eluate ascorbic acid was isolated, and from another its 2 ,4-dinitro., 
phenylhydrazine derivative was prepared by techniques described for the’ 
isolation of these substances from rat urine (13, 33). From the specific 
activity of the isolated ascorbic acid, the total radioactivity present as 
ascorbic acid in the septa was 3080 c.p.m. From the specific activity 
of the isolated 2,4-dinitrophenylhydrazine derivative the total activity 
in the ascorbic acid was 3160 c.p.m. Both these values for C™“ present 
as ascorbic acid in the nasal septa agree, within the precision of our method, 
with the total amount of C measured in the original homogenate. These 
results furnish evidence that essentially all the C in the nasal septum 
is present as ascorbic acid. 


SUMMARY 


1. Metabolic studies were carried out by administering the radioactive 
ascorbic acid to guinea pigs which had received 0.0, 2.0, 15.0, and 50.0 mg. ) 
daily supplements of ascorbic acid. The C“ in respiratory carbon dioxide 
and urine was determined over periods of 24 hours and 10 days. The 
results of these experiments indicate that the conversion of ascorbic acid 
to carbon dioxide is a main pathway of its metabolism in guinea pigs. 
The amounts of C eliminated in urine and feces were also measured. 

2. The large amount of C found in calcium oxalate isolated from guinea } 
pig urine indicates that oxalic acid is an end-product of ascorbic acid me- 
tabolism. The direct or indirect synthesis of oxalate from glucose by guinea 
pigs was also confirmed. 

3. The over-all distribution of radioactivity in the tissues of guinea pigs 
after administration of 1-C'-L-ascorbic acid was determined. The dis- | 
tribution of C'* was approximately the same as that found by chemical } 
analysis for ascorbic acid. No marked differences were found in the dis- | 
tribution of C“ in organs and tissues of normal and scorbutic guinea pigs. | 
There was no detectable incorporation of C" into liver glycogen. 


5 The Resinous Products Division, Rohm and Haas Company, Philadelphia, 
Pennsylvania. 
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4, The teeth were found to have a higher specific activity than such 
organs as liver, adrenals, and spleen. 

5. The nature of C“ incorporation into cartilage and skin was studied. 
No measurable radioactivity was found in chondroitin sulfate or collagen 
fractions isolated from those tissues. Essentially all of the C“ found in 
nasal septum and skin was readily extractable with water or 8 per cent 
acetic acid. Evidence from carrier dilution experiments shows that es- 
sentially all the C' measured in the nasal septum is present as ascorbic 
acid. 


The authors are indebted to Miss Barbara P. Brown, Miss Anne Burch- 
sted, and Miss Mary Lou Marquardt for technical assistance. 
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SYNTHESIS AND PROPERTIES OF PANTOTHENIC ACID 
MONOPHOSPHATES* 
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vys., 31, (From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


45). 


(Received for publication, March 12, 1951) 


Although it appears most probable that coenzyme A is a phosphate de- 
rivative of pantothenic acid (2), little information is available as to the 
position or nature of the phosphate linkage in the molecule. It became of 
interest in this connection to examine the properties of simple phosphate 
| derivatives of pantothenic acid, and for this purpose efforts were directed 

toward the preparation of the a- and y-monophosphates (VI and IV, re- 
| spectively, Diagram 1). 

Synthesis of the a compound, VI, was undertaken by condensing panto- 
lactone phosphate (V) or its diphenyl derivative (3) with @-alanine. Un- 
fortunately, although a variety of conditions were tried, the yields were 
| very low, and the desired product was not obtained in pure form. The 

crude product contained no free pantothenic acid, but did show typical 

bound pantothenic acid activity; that is, it was inactive as such for Lacto- 

bacillus arabinosus, but became active after phosphatase treatment. Since 
| the starting materials did not possess such activity, it is quite certain that 
the a-phosphate, VI, was present. 

The y-phosphate, IV, was obtained during attempts to prepare a diphos- 
phate (1). It was observed that reaction of free pantothenic acid with 
diphenyl chlorophosphonate led to a monophosphate derivative, whereas 
methyl pantothenate, under the same conditions, yielded a diphosphate 
(4). Apparently one of the hydroxyl groups of free pantothenic acid is in 
some way masked, and therefore it is not available for phosphorylation. 
Since it has also been noted that direct titration of the free acid gives an 
alkali consumption of less than one-half of the theoretical amount,! it was 
concluded that one of the hydroxyls, most pyobably the a, exists in lactone 


*Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by grants from the Division of Research 
Grants and Fellowships of the National Institutes of Health, United States Public 
Health Service, and the Nutrition Foundation, Inc. A preliminary account of a 
part of this work has been published elsewhere (1). 

+ Postdoctorate Fellow of the United States Public Health Service, on leave from 
Oregon State College, 1949-50. 

1Cheldelin, V. H., and Lindsey, R. D., unpublished work. 
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combination with the carboxyl group, as indicated by structure II.2 On 
the basis of these considerations, the monophosphate obtained in this man- 
ner has been regarded as the y isomer, IV, but this structure has not been 
otherwise established. 


EXPERIMENTAL 


The methods of analysis, the organisms used for testing, and the prepa- 
rations of diphenyl chlorophosphonate and of free pantothenic acid were 
the same as those reported previously (3, 4). 

d-Pantothenic Acid-y-diphenyl Phosphate—A solution of 4.38 gm. of free 
pantothenic acid (4) in 20 ml. of anhydrous pyridine was cooled in an ice 
water bath, and 14.9 gm. of diphenyl chlorophosphonate were added from 
a dropping funnel slowly with shaking. After the addition was complete 
(about 15 minutes), shaking was continued for 30 minutes in the cold, and 
the mixture was then placed in the cold room at 5° for 3 days. About 2 
to 3 ml. of cold water were then cautiously added. After 1 more hour in 
the cold room, the whole charge was poured into about 1 liter of ice water 
with vigorous stirring. The precipitate became granular after further stir- 
ring in the cold and was collected by suction filtration carried out below 
10°. 

The precipitate was dissolved in about 150 ml. of chloroform. The 
chloroform solution was washed with 3 X 100 ml. of cold 5 per cent hydro- 
chloric acid, and then with water until the washings became neutral. The 
solution was dried over sodium sulfate and concentrated to about 40 ml., 
and about 240 ml. of cold anhydrous petroleum ether (Skellysolve B) were 
then added. After standing at —5° overnight, the solid precipitate was 
filtered and washed with a 1:5 chloroform-petroleum ether mixture. The 
precipitation was repeated once. The product after drying weighed 7 gm. 
(80 per cent of theoretical) and was an almost white amorphous powder. 
If the reaction mixture was allowed to stand at room temperature instead 
of in the cold, the product usually was yellow. 


Analysis—C2H2O;NP. Calculated. C 58.2, H 5.57, N 3.23, P 7.15 
C2H2OsNP. ¢ “* 55.9, ** 5.81, ‘* 3.10, * 6.88 
Found. © 58.9,4° 5.95, “6 3.18, * 6.8 


The product could not be crystallized from carbon tetrachloride, ether, 
ethyl acetate, amyl acetate, dioxane, isopropyl alcohol, or from any of the 
numerous other solvents and combinations of solvents tried. It was sol- 
uble in ether, chloroform, benzene, ethyl acetate, acetone, sparingly soluble 

* Dehydration of the free pantothenic acid used may have occurred during drying 


(see under ‘‘Experimental’’) or in the presence of anhydrous pyridine and dipheny] 
chlorophosphonate. 
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in carbon tetrachloride, and insoluble in water and petroleum ether. It 
was also insoluble both in dilute and in concentrated aqueous sodium hy- 
droxide solutions, as would be expected if the carboxyl group was involved 
in lactone formation as indicated in structure III. 

d-Pantothenic Acid-y-phosphate (IV)—Removal of the phenyl groups 
from pantothenic acid-y-diphenyl phosphate by hydrogenolysis over plat- 
inum, as employed in several similar cases (1, 3, 4), failed completely. 
Increasing the amount of catalyst up to 100 per cent of the weight of the 
compound being treated failed to cause any hydrogen uptake, even after 
shaking for as long as 10 hours. Use of acetic acid or various alcohols as 


solvents in place of ethanol, pretreatment of the compound with platinum | 


oxide, or addition of traces of dry hydrogen chloride also was of no help. | 


Cleavage by sodium in liquid ammonia (5) was not attempted because the 
substance was insoluble in liquid ammonia. It was found, however, that 
the compound was sufficiently stable toward alkali to permit removal of 
the phenyl groups by alkaline hydrolysis. 

A mixture of 1.4 gm. of pantothenic acid-y-diphenyl phosphate, 35 ml. 
of water, and 5 ml. of 4 N sodium hydroxide was heated under a reflux in a 
boiling water bath for 1 hour. The cooled solution was passed through a 
15 X 250 mm. column of Amberlite [R-100 in the hydrogen form and the 
column washed with 40 ml. of water. The combined effluent, which was 
strongly acid, was extracted with 3 X 20 ml. of ether, and the aqueous 
solution concentrated to dryness. The semisolid residue was dissolved in 
about 5 ml. of anhydrous methanol, and a small amount of insoluble mat- 
ter was removed by filtration. To the methanol solution were added 20 
ml. of anhydrous ether. A semicrystalline solid separated in the cold, 
which was washed with ether, redissolved in methanol, and then precipi- 
tated again with ether. After drying in vacuo over P.Os5, a white, ex- 


tremely hygroscopic powder weighing 350 mg. (40 per cent of theoretical) 
was obtained. 


A nalysis—C 9H, sO0sNP 


Calculated. P 10.4, N 4.67, pantothenic acid (after phosphatase hydrolysis) 73 
Found. “* 9.8, ** 4.52, ss side /r) 


The product was very hygroscopic, very soluble in water and alcohol, 
and insoluble in ether and benzene. An aqueous solution gave a strongly 
acid reaction. 

To a methanol solution of pantothenic acid-y-monophosphate was added 
slightly more than a 3 m quantity of sodium methoxide freshly prepared 
from metallic sodium in methanol. The crystallization of the trisodium 
salt was induced by addition of a few ml. of anhydrous ether. The prod- 
uct was recrystallized from an ethanol-ether mixture. 


Exper 
meni 
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ay: Analysis—CsH1;OsNPNas. Calculated. P 8.49, N 3.84 

1 hy- Found. ** 8.12, * 3.93 

ved The product was very soluble in water, less soluble in alcohol, and in- 

soluble in ether. An aqueous solution gave a strongly alkaline reaction. 

‘oups Preparation of Pantothenic Acid-a-phosphate—Condensation of the pan- 
plat-  tolactone phosphate and #-alanine moieties was attempted under a variety 
ately. of conditions which are summarized in Table I. Since the results in all 
vf the cases were very similar, viz. a low yield, varying from 0 to 10 per cent of 
after 


























TaBLe I 
ols - Attempted Condensation of dl-Pantolactone Phosphate with B-Alanine under 
raw Various Conditions 
help. 
e the | Beer nae Conditions tried 
that No. Lactone phosphate 6-Alanine 
yal of 
1 | Disodium salt Sodium salt | Fused dry at 175-180° 
as 2 es es ‘ eS Refluxed in various sol- 
5 mi. * 
f vents 
Xin a 3 | Free acid Free acid Refluxed in various sol- 
ugh a vents,* and in presence 
id the or absence of diethyl- 
h was amine or metallic so- 
ueous —— (6) 
: : 4 | Diphenyl phosphate derivative | Sodium salt | Fused at 70°, 100°, 110°, 
red in or 117° 
 mat- 5 ee es ee es < Refluxed in various sol- 
led 20 | vents* 
cold, 6 | #9 ‘s ee Free acid As in Experiment 3 
recipi- 


* Methanol, ethanol, propanol, 2-propanol, and 1-butanol were tried. 
€, eXx- 


etical) theoretical, of impure amorphous material from which no pure product 
could be isolated, only one typical experiment is described. 

254 mg. of disodium dl-pantolactone phosphate (3) and 111 mg. of dry 
sodium 6-alanate were well mixed and heated in a small Pyrex tube, pro- 
tected with a drying tube, in an oil bath first at 205° for a few minutes 
and then at 175-180° for 1 hour. Lower fusion temperatures gave lower 
icohol, yields or even none, while prolonged heating up to 10 hours did not im- 
rongly prove the yield. During the course of fusion some ammonia and water 

vapor were evolved, and the charge became pale yellow and glassy. It 
added was completely soluble in 20 ml. of water. Less than 0.5 per cent of the 
epared total phosphorus of the reaction mixture was inorganic phosphorus. From 
odium microbiological assay after enzymatic dephosphorylation 13 mg. of panto- 
.prod- | thenic acid were accounted for. This corresponds to a 10 per cent yield, 
assuming that only the d isomer is active. 
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The aqueous solution was then passed through a column of Amberlite 
IR-100 in the hydrogen form. The effluent was extracted with 3 x 20 
ml. of ether and, on concentration to dryness in vacuo, gave a solid residue 
partially soluble in ethanol. The insoluble matter was identified as un- 
changed 6-alanine. The ethanol solution was further concentrated to dry- 
ness. The yield was 50 mg. of amorphous material with a pantothenic 
acid activity of 10 mg. after phosphatase treatment. 

The crude products obtained in this way, and in most cases under the 
modified conditions listed in Table I, contained about 40 per cent less 




















TasB_e II 
Stability of d-Pantothenic Acid Monophosphates 
Treatment 
Notia Nn NaOH, 1 hr. in Nn HCI, 1 hr. in boiling 
Siusiatheite oti [—_— water neil water bath a) 
PA* activity | Inor- PA activity Inor- PA activity ; 
ganic ganic |—_——_———__ oe 
Free | Total Pt Free | Total P Free Total 
per sil ter cent per cent per cent per cent| per cent c= 
y-Monophosphate.| 0 105 | 0 0 90 <1 0 | 60 10 
a-Monophos- 
BADE fe sssd'nsctss 0 100 0.5 0 90 <1 0 40-70§ | 10-30§ 


























*PA = pantothenic acid. All activities are expressed on the molar basis as 
measured with L. arabinosus for free pantothenic acid and after phosphatase treat- 
ment for the total pantothenic acid. 

{ Percentage of total phosphorus converted into the inorganic form. 

t A crude product with 30 per cent bound PA activity (found, P 12.3, N 2.8; the- 
oretical for PA monophosphate, P 10.4, N 4.67). 

§ Results obtained on different preparations. 


nitrogen and 15 per cent more phosphorus than the theoretical for a panto- 
thenic acid monophosphate. The best preparations contained 20 to 45 
per cent of the desired product, as judged by microbiological assay after 
phosphatase treatment. No appreciable amounts of free pantothenic acid 
or of inorganic phosphorus were present in any case. 

Properties of Pantothenic Acid Monophosphates—Both monophosphates, 
IV and VI, were far more resistant to hydrolytic destruction than is free 
pantothenic acid. They were quite stable to N sodium hydroxide at 100°, 
but were slowly attacked by n hydrochloric acid at this temperature (Ta- 
ble II). The diphosphate (4) was slightly more stable to acid. The for- 
mation of inorganic phosphate did not parallel the breaking of the amide 
linkage. 

The monophosphates were inactive for L. arabinosus but became fully 
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active after enzymatic dephosphorylation. They were practically inactive 
for Acetobacter suboxydans. The y-phosphate was inactive for yeast, but 
the a compound, VI, showed activity for Saccharomyces cerevisiae, obvi- 
ously because of 6-alanine present as an impurity. The intact monophos- 
phates showed no antimetabolite activity against pantothenic acid in any 
of the above three organisms when tested at levels up to 5000 times that of 
the pantothenic acid used. Likewise, no supplementary action was noted 
in the presence of suboptimal levels of pantothenic acid. 


SUMMARY 


a- and y-monophosphates of pantothenic acid have been prepared syn- 
thetically and found to be resistant to acid and alkaline hydrolysis. The 
phosphates were inactive for several microorganisms and likewise had no 
antimetabolite effect against pantothenic acid. 
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CONVERSION OF FIRST AND SIXTH CARBONS OF STEARIC 
ACID TO CARBON DIOXIDE BY RATS* 


By E. O. WEINMAN, I. L. CHAIKOFF, B. P. STEVENS, anp W. G. DAUBEN 


(From the Division of Physiology of the School of Medicine, and the Department of 
Chemistry, University of California, Berkeley, California) 


(Received for publication, December 26, 1950) 


An earlier study from this laboratory dealt with the rates of C“QO, ex- 
piration when palmitic acid labeled with C™ was injected intravenously 
into rats (1). It was shown that, regardless of which carbon atom of this 
fatty acid was labeled (the carboxyl, the 6th, or the 11th) the amounts of 
CO. expired and the rates of its elimination were quite similar. It was 
therefore postulated that, once the breakdown of palmitic acid is initiated 
in the intact animal, a palmitic acid molecule is disrupted in such a man- 
ner that all of its carbons are converted to CO, at about the same time. 
Even though it has been clearly demonstrated that myristic and lauric 
acids can be derived directly from palmitic acid (2), the small amounts 
of these acids present in the body, as compared with those of palmitic 
acid, are in line with the view that palmitic acid is predominantly oxidized 
to a small fragment. 

Since physiologically occurring fatty acids have a chain length princi- 
pally of 16 to 18 carbons, it became of interest to determine whether the 
conclusions drawn for palmitic acid applied also to the oxidation of stearic 
acid. It is conceivable that considerable amounts of palmitic acid are 
derived directly from stearic acid. If this were the case, the carboxyl 
and a-carbons of stearic acid would appear in CO, more rapidly than 
would its other carbons. 

In the present investigation we used stearic acids in which either the 
carboxyl or the 6th carbon atom was labeled with C™. These were ad- 
ministered to rats intravenously as tristearin, and the elimination of the 
C* in the expired CO: was studied. In addition, in the experiment with 


| tristearin-6-C"“, the fatty acids of the rats were isolated and the distri- 








bution of the radioactivity in 16-carbon and 18-carbon fatty acids was 
determined. 
EXPERIMENTAL 


Synthesis of Labeled Stearic Acids—The methods of synthesis of the 
stearic acids were analogous to those used for the synthesis of the corre- 


* Aided by a grant from the American Cancer Society as recommended by the 
Committee on Growth of the National Research Council. 
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sponding palmitic acids (3). Stearic acid-1-C'* was prepared by the car- 
bonation of n-heptadecylmagnesium bromide with radioactive carbon di- 
oxide. Stearic acid-6-C™ was prepared by condensing the dialkyleadmium 
derivative of n-tridecyl bromide with y-carbomethoxybutyryl chloride and 
reducing the resulting keto acid by the Wolff-Kishner method. The ste- 
aric acids were esterified by a modification of the method of Feuge et al. (4), 

Preparation of Tristearin Emulsions—The tristearin emulsions were pre- 
pared exactly as described for the tripalmitin emulsion used in our earlier 
study (1). All emulsions, therefore, contained 2 per cent tristearin, 2 per 
cent olive oil, 1 per cent glycerol monostearate, 5 per cent glucose, and 
90 per cent water. The average diameter of visible particles was about 1 p, 

Treatment of Animals and Collection of C“O.—Female rats of the Long- 
Evans strain, weighing from 180 to 200 gm., were used. As in our earlier 
experiments with tripalmitin, rats that had been fasted for 24 hours were 
lightly anesthetized with ether and then injected with 1.0 ml. of the emul- 
sion. Each rat was then placed in a narrow, elongated glass cage venti- 
lated by CO,-free air, and the expired CO: was absorbed in a sodium 
hydroxide solution. During the experiments the rats had access to water, 
but food was withheld. The urine excreted during the experiment was 
collected. 


Methods of Analysis 


Analysis of Expired CO.—The methods used for determination of CO, 
and C“O, have been described earlier (5). 

Isolation of Fatty Acid—24 hours after injection of tripalmitin-6-C%, 
two of the rats were killed with ether, and their body fats were isolated 
and analyzed as described below. The liver was removed, and the rest 
of the animal was placed in alcoholic KOH (15 gm. of KOH dissolved 
in 100 ec. of 50 per cent ethyl alcohol); 2 cc. were used per gm. of rat. 
The solution was covered with a watch-glass and heated over a steam 


bath until the tissues had completely disintegrated and an oily layer ac- 


cumulated on the surface. A mechanical stirrer was then inserted through 
a hole in the watch-glass, and the solution was stirred for several hours, 
while still on the steam bath, until all the fat was saponified. The cover 
was then removed and the remaining alcohol allowed to evaporate. The 
hot liquid was poured through glass wool to remove the solid residue. 
The filtrate was cooled in an ice bath and acidified with 18 n H.SQx. 
After standing in a refrigerator for a few hours, the mixture was filtered 
and the clear filtrate was discarded. The wet residue was treated with 


— 


acetone to dissolve its fatty acids; any insoluble material was removed by 
filtration. The acetone was evaporated on a steam bath until only a | 


small volume of aqueous solution remained. A stream of CO, gas was 
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passed over the solution during the last stages of the evaporation. The 
fatty acids were dissolved in petroleum ether, and the solution was made 
to volume. 

Separation of 16-Carbon and 18-Carbon Fatty Acids—Aliquots of these 
fatty acids were hydrogenated over platinum oxide in an ethyl alcohol 
medium. The acids were then esterified with methyl alcohol and dis- 
tilled with ‘Eureka white oil” according to a modification of the amplified 
distillation procedure of Weitkamp (6). 
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Fig. 1. Cumulative percentages of C' recovered in expired CO: after intravenous 
injections of tristearin-1-C' (A) and tristearin-6-C™ (B). 


Results 


Six rats were used in this study. Three were injected with the emul- 
sion containing tristearin-1-C and threq with emulsified tristearin-6-C™. 
CO; was collected for 24 hours after the injection, and during that period 
sixteen separate samples were obtained. The shortest collection interval 
was 20 minutes. 

Cumulative percentages of the injected C“ recovered in the expired 
CO, at various time intervals are recorded in Fig. 1. The specific activity- 
time relations of the expired CO, are shown in Fig. 2. 

From 41 to 44 per cent of the injected C was recovered in 24 hours as 
CO, from the group of rats that had been injected with tristearin-1-C™. 
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Fia. 2. Semilogarithmic plot of the specific activity of expired CO, against time. wale 
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It was pointed out elsewhere that specific activity-time curves such as | acids 
those shown in Fig. 2 can be used as an index of the rate of formation acid 
of C“O, from the labeled fatty acid (1). It is evident that the rate of | “°™ 
elimination of CO, was not uniform throughout the period of observa- after 


tion. It rose rapidly after the injection. Maximal specific activities of i 
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\-6-C# 
of CO, 
er. 


the expired C“O. were observed between 30 minutes and 1 hour after 
the injection of the carboxyl-labeled tristearin, and at about an hour after 
the injection of the tristearin-6-C. Thereafter the specific activities de- 
creased rapidly and leveled off after about 10 to 12 hours. The decline 
after that time was slight. ‘ 

The 16- and 18-carbon fatty acids of Rats 5 and 6 were isolated. The 
ratios of the amount of 18-carbon to the amount of 16-carbon fatty acids 
were 1.6 and 2.1, respectively (Table I). The specific activities of these 
fatty acids were also determined; the values for the 18-carbon fatty acids 
were 4 and 7 times as high as those found for 16-carbon acids (Table I). 
The distribution of total C-activity between the 16- and 18-carbon fatty 
acids is also shown in Table I. The latter contained 9 and 12 times as 
much C** as did the 16-carbon fatty acids. 

Approximately 0.5 to 1 per cent of the injected C™ was excreted in the 
urine in 24 hours. 


DISCUSSION 


It has been shown that the carboxyl, the 6th, and the 11th carbons of 
palmitic acid are converted to CO, at about the same time (1), and it 
was, therefore, postulated that in the oxidation of this molecule all of 
its carbons are converted to CO, at about the same time. This appar- 
ently is not so in the oxidation of stearic acid. The amount of C™ re- 
covered in the expired air 24 hours after administration of tristearin-6-C™ 
was about 20 per cent less than that observed for tristearin-1-C“. The 
cumulative findings thus indicate that the carboxyl carbon of stearic acid 
was converted to CO: somewhat more rapidly than was the 6th carbon. 

At least two interpretations may be suggested to account for the dif- 
ferences found between the Ist and 6th carbons of stearic acid. It is 
____ possible that stearic acid is B-oxidized at a rate so slow that the removal 
activity of each successive 2-carbon fragment can be detected in the expired CO. 
acid It seems more likely, however, that the difference between the Ist and 
‘cid 6th carbons is due to the direct conversion of some stearic to palmitic 

acid. The formation of palmitic acid from stearic acid was demonstrated 
by Schoenheimer and Rittenberg (7) in agstudy with mice that extended 
over.5 days, and, in the present investigation with rats, it is shown that 

——j| 24 hours after the administration of the stearic-6-C™ the 16-carbon fatty 
ee | acids were also labeled. Our finding of C" activity in the 16-carbon fatty 

. acid fraction isolated from extrahepatic tissues (Table I) indicates that 
nation ee ; : i ee 
ate of | some of the injected labeled stearic acid molecules did become stabilized 
wae after losing a 2-carbon fragment and that these newly formed palmitic 
an acid molecules were distributed over the depots. Such formation of pal- 

mitic acid from stearic acid might well explain the 20 per cent difference 
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observed in the amounts of C“O, recovered from the carboxyl and 6th 
carbons of stearic acid. 

But stabilization at the 16-carbon stage, and distribution of the newly 
formed 16-carbon acid over the depots, obviously cannot be the fate of 
the major portion of stearic acid. This can be inferred from the following 
reasoning. Let us suppose that stearic acid molecules, after losing a 2- 
carbon fragment in the liver, become stabilized and distributed as palmitic 
acid molecules throughout body depots. If this occurred, the new palmitic 
acid molecules formed in the liver would be diluted by about 5 gm. of| 
body palmitic acid and, as a result of this mixing, the rate of evolution 
of C4O, from the 6th carbon of stearic acid should be much slower than 
that from its carboxyl carbon. Under such conditions, one would expect 
a large difference in the rates of C“O, formation from the carboxyl and 
6th carbons of stearic acid. Since, however, the difference in the rates 
of conversion of these 2 carbons to CO, was relatively small (about 20 per 
cent), it would appear that the major portion of the newly formed pal- 
mitic acid did not become distributed throughout the depots but, instead, 
remained in the liver and underwent immediate further oxidation. Our 
findings, therefore, indicate that, once oxidation of stearic acid is initiated, 
the major portion of it is fragmented to small units. 

Thus it appears that in the case of palmitic acid, once oxidation is in- 
itiated, practically all of it is disrupted rapidly without the formation of 
a stable intermediate. This also seems to be the case for the majority 
of the stearic acid molecules. But the finding that the rate of conversion 
of the carboxyl carbon of stearic acid to CO, occurs somewhat more rap- } 
idly than does the conversion of its 6th carbon is in line with the view 
that some stearic acid is stabilized after loss of a single 2-carbon fragment, 
giving rise to a 16-carbon fatty acid. That this is indeed the case is 
shown by the recovery of C™ in the 16-carbon fatty acid fraction. 


| 


SUMMARY \ 


1. Stearic acids, labeled with C™ at either the carboxyl or 6th carbon, 
were injected intravenously into fasted rats in the form of their trigly- 
cerides, and the expired CO, was collected at various time intervals. 

2. 40 to 44 per cent of the administered C™ was recovered as C“0; 
during a 24 hour period after injection of tristearin-1-C™“, whereas 30 to 
38 per cent was so recovered after the injection of tristearin-6-C". 

3. Body fats were isolated 24 hours after the injection of tristearin-6- 
C™, and the 16-carbon and 18-carbon chain length fatty acids were sep- 
arated by amplified distillation. The 18-carbon acids contained up to 12 | 
times as much activity as did the 16-carbon acids. 

4. The mechanism of oxidation of stearic acid and the formation of 
palmitic acid from stearic acid are discussed. 
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SYNTHESIS OF CYSTATHIONINE BY PREPARATIONS FROM 
RAT LIVER* 


By FRANCIS BINKLEY 


(From the Departments of Pathology and Biological Chemistry, University of Utah 
College of Medicine, Salt Lake City, Utah) 


(Received for publication, March 5, 1951) 


As a continuation of the studies of the enzymes and enzymatic reactions 
concerned with the conversion of methionine to cysteine, the reactions con- 
‘cerned with the transfer of the sulfur of homocysteine to the carbon chain 
of serine have been investigated. In the course of the investigation, the 
activity responsible for the synthesis of cystathionine was separated from 
the enzyme responsible for the cleavage of cystathionine with the forma- 
tion of cysteine. Cystathionine was isolated from the digests of a fraction 
of liver tissue of rats with homocysteine and serine. Cystathionine had 
} been isolated previously from digests of a mutant strain of Neurospora (1). 


EXPERIMENTAL 


| Methods—The success of the investigation depended upon the separation 
of the enzyme responsible for the synthesis (synthesis enzyme) and the 
enzyme responsible for the cleavage of cystathionine (cleavage enzyme) 
and the demonstration that their activities were not interdependent. 
When these objectives were attained, it became possible to utilize the 
cleavage enzyme in the assay of the activity of the synthesis enzyme. 
Following a period of incubation of homocysteine and serine with the syn- 
thesis enzyme, the tubes were placed in a boiling water bath for 10 minutes 
and were cooled. 1 ml. of a previously standardized preparation of the 
cleavage enzyme was added and the incubation was allowed to proceed for 
lhour at 37°. 1 ml. of 50 per cent trichloroacetic acid was added (a total 
volume of 10 ml. in most cases) and 2 ml. of the filtrate were used for a 
determination of cysteine by the method of Sullivan and Hess (2). It 
was necessary to allow a period of 10 minutes following the addition of 
hydrosulfite to permit the complete fading of the color due to the excess of 
serine. Amounts of L-cystathionine ranging from 0.5 to 5.0 mg. were car- 
ried through the procedure exactly as in the digests, except that the frac- 
tion of liver tissue containing the activity for the synthesis was omitted or 
a boiled preparation was added. 

Preparation of Enzymes—The purposes of the purification were to sep- 


— 


*These studies were supported by a grant from the United States Public Health 
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532 SYNTHESIS OF CYSTATHIONINE 
arate the cleavage enzyme, serine dehydrase, and homoserine deaminay 
from the preparations of the synthesis enzyme. In the routine prepan. 
tions, two rat livers (about 15 gm.) were ground in a glass tissue grinde 
with 100 ml. of cold 0.2 m KCl and 0.01 m sodium citrate. This concen. 
tration of potassium chloride was selected because it permitted the purif. 
cation of the relatively insoluble enzyme by centrifugal methods. Sodium 
citrate, at the concentrations used here, was found to stabilize the preps. 
rations. The homogenate was placed for 10 minutes in a water bath) —. 
maintained at 50°. The cooled homogenate was centrifuged at 3000 r.p.m| typre 
for 15 minutes and the precipitate discarded. A half volume of cold eth- 

anol was added and the precipitate obtained by centrifugation was sus. 

pended in 50 ml. of KCl-citrate solution and centrifuged until a clea} 10: 
supernatant fluid was obtained. The washed precipitate was resuspended chlori 
in 50 ml. of KCl-citrate; this was the preparation used in the studies de. with 


were é 
and ¢ 
tered, 
soluti 
box. 

digest 
washe 


: ; citrat 
scribed here. The preparations were free of the cleavage enzyme, homo- thesis 
serine deaminase, and serine dehydrase. ditios 


An adequately active preparation of the cleavage enzyme could be ob- deter 
tained from the solution remaining from the addition of 0.5 volume off by th 
ethanol. An additional half volume of ethanol was added, the precipitate) 
obtained by centrifugation was suspended in 50 ml. of KCl-citrate solution, 
and the mixture was filtered. The clear filtrate could be used for the’ 


Tim 
estimation of cystathionine, but, in most cases, the purification was carried 
out as described in an earlier publication (3). In Table I, the activities 
of typical preparations are illustrated. It is apparent that much mor, —— 
convincing results were obtained when the experiments were carried out in) ( 


discrete steps and that the enzyme responsible for the synthesis is not 
dependent upon the cleavage enzyme for its activity. - 6 
It was observed that the activity of the preparation responsible for the| 1% 
synthesis was not lost in the course of prolonged dialysis against the KCl 18 
citrate solution. Adenosinetriphosphate, diphosphopyridine nucleotide, 
adenylic acid, and various metal ions were either inhibitory or without| 
effect. In so far as could be determined by our methods, little or no! P™ 
cystathionine was formed from methionine and serine, methionine and gly- ®Y' 
cine, or homocysteine and glycine. mitr 
Isolation of u-Cystathionine—100 mg. of pLt-homocysteine (prepared in, sulf 
solution by neutralization of the thiolactone hydrochloride with phenol) ‘™ 
phthalein as indicator) and 200 mg. of p-serine were incubated with 5 ml.) ®”) 
of the preparation of the synthesis enzyme in 0.01 m sodium citrate in 4 forr 
total volume of 30 ml. for 8 hours with nitrogen bubbling through the cou! 
solution (mainly for mixing). The mixture was placed in a boiling water, 
bath for 10 minutes and filtered. The yield of cystathionine (assay with! hon 


the cleavage enzyme) was 55 to 80 mg. per digest. 5 volumes of alcohd 
arg 
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were added and, after 24 hours in the ice box, the precipitate was separated 
and dissolved in 10 ml. of 0.1 m sodium cyanide. The solution was fil- 
tered, acetic acid was added to lower the pH to approximately 6.5, and the 
solution (tightly stoppered) was allowed to stand for 48 hours in the ice 
box. The precipitate was removed and the combined material from three 
digestions was recrystallized from water several times and was finally 
washed with alcohol and ether. The yield of purified material from a 
typical experiment was 65 mg. of material which was found to assay 100 


Tase | 
Synthesis of Cystathtonine 


10 mg. of pt-homocysteine (prepared by neutralization of the thiolactone hydro- 
chloride) and 20 mg. of pu-serine were incubated with 1 ml. of the synthesis enzyme 
with or without 1 ml. of the cleavage enzyme as indicated in 10 ml. of 0.1 m sodium 
citrate at 37°. In Experiment IV, the cleavage enzyme was added after the syn- 
thesis enzyme was destroyed by boiling, and the incubation period was 1 hour in ad- 
dition to that with the synthesis enzyme. Activity expressed as cystathionine was 
determined as described in the text. Hydrogen sulfide was measured qualitatively 
by the reaction with lead acetate. 











Experiment yo . : ‘ite 
age enzyme Experi-|  pyperi Il, xperimen »cleav-|  _ . IV, heat 
ment fa, cleavage | Eopetinent lage enayme-} sates eg ee ng ame 
Time | synthesis enzyme 
Cysteine H2S Cysteine HS Cysteine HS Cysteine HS ——_ 
min. mg. mg. mg. mg. mg. 
0 0.0 - 0.0 _ 0.0 - 0.0 _ 0.0 
30 0.0 & 0.0 _ 0.3 ae 0.5 a 1.0 
_ 60 0.0 + 0.0 _ 0.5 +++ 0.8 + 2.0 
120 0.0 ++ 0.0 _ 0.8 | ++++] 1.3 oe 3.5 
180 0.0 +++ 0.0 - 1.1 +--+ 1.9 +++ 4.7 
240 0.0 | +++) 0.0 _ 1.38 | ++++] 2.2 |+4++4+)| 5.6 
































per cent as L-cystathionine by the assay with the cleavage enzyme and to 
have a rotation of [a]?! = +24.7° (1 per cent solution in 1 N HCl). The 
nitrogen content was 12.52 per cent (calculated 12.59 per cent) and the 
sulfur content was 14.61 per cent (calculated 14.42 per cent). The crystal 
form was identical with that of synthetic L-cystathionine recrystallized in 
an identical manner. In most cases, the crystals were parallelepiped in 
form (4). Combined mother liquors from the treatment with cyanide 
could be reworked to obtain additional amounts of cystathionine and it 
was possible to obtain about 500 mg. of L-cystathionine from 2 gm. of DL- 
homocysteine. When a more convenient source of the enzyme responsible 
for the synthesis is found, the enzymatic synthesis of L-cystathionine on a 
large scale should become possible. 
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DISCUSSION 


A full discussion of these results is deferred until their implications with 
respect to the mode of action of the cleavage enzyme and to other phases | 
of sulfur metabolism can be fully investigated. For example, it would ap. | 
pear obvious that if the synthetic reaction is one in which a thio ether is | 
formed from a sulfhydryl and a hydroxyamino acid, the cleavage cannot 
be essentially a reversal of this reaction. In both cases, synthesis and 
cleavage, the reactions go to completion whether or not a volatile product 
is formed in the cleavage. Thus, it would appear that the product of the | 
cleavage, other than the sulfur-containing product, cannot be a hydroxy-. Th 
amino acid. In agreement with Carroll, Stacy, and du Vigneaud (5), we ! phate 
have been able to isolate keto acids (as dinitrophenylhydrazones) as a jp liv 
product of the cleavage of all thio ethers by the cleavage enzyme (i.¢,, phop 
pyruvate from cysteine and t-allocystathionine, a-ketobutyrate from 1-| Sjmil 
cystathionine and L-homocysteine) and have been unable to demonstrate  anotl 
the presence of serine, alanine, homoserine, or a-aminobutyric acid in any| Thes 
of the digests. These purified preparations of the cleavage enzyme aid ) resul! 
not attack serine, alanine, or a-aminobutyrate but, in most cases, some| jnfor 
activity toward homoserine was present. However, certain discrepancies phat: 


(From 


of an analytical nature remain to be explained (3). mech 
disac 
SUMMARY 
supp 
An enzyme (or enzymes) of liver tissue of rats responsible for the syn- _ studi 
thesis of cystathionine from homocysteine and serine has been obtained ) a P 
free from the enzyme responsible for the cleavage of cystathionine. L- 
Cystathionine was isolated from the digests. 
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ENZYMATIC CLEAVAGE OF DIPHOSPHOPYRIDINE 
NUCLEOTIDE WITH RADIOACTIVE 
PYROPHOSPHATE 


By ARTHUR KORNBERG anp W. E. PRICER, Jr. 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, Bethesda, Maryland) 


(Received for publication, March 14, 1951) 


The reaction of nicotinamide mononucleotide (nicotinamide ribose phos- 
phate) with adenosinetriphosphate (ATP), catalyzed by a specific enzyme 
in liver and yeast, has been shown to result in the production of diphos- 
phopyridine nucleotide (DPN) and inorganic pyrophosphate (PP) (1). 
Similarly, the reaction of riboflavin phosphate with ATP, catalyzed by 
another yeast enzyme, produces flavin-adenine dinucleotide and PP (2). 
These reactions are freely reversible; cleavage of the dinucleotides by PP 
results in the formation of ATP and the respective mononucleotides. No 
information is available, however, as to the exact way in which the phos- 
phate is distributed in these molecular rearrangements. A hypothetical 
mechanism is one resembling the reversible splitting of polysaccharides, 
disaccharides, and nucleosides by inorganic orthophosphate. Evidence to 
support such a “‘pyrophosphorylase” action has now been obtained by 
studies with radioactive PP. The reaction may be formulated as 


dy (1) P2P2 + nicotinamide-ribose-P-P-adenosine (DPN) <@ 


nicotinamide-ribose-P -+- P#P%-P-adenosine (ATP) 


Methods 


Materials—P”P® was prepared by dehydration of NazgHP®?O,. H;PO, 
in acid solution was obtained from the Oak Ridge National Laboratory 
and had a stated specific activity of 0.025 mg. per me. and a stated radio- 
chemical purity of 99.9 per cent. 0.2 ml. (0.77 mc.) was adjusted with 
NaOH to about:-pH 9, added to 0.40 ml. of 0.1 m Na2HPO, in a platinum 
crucible, dried at 110°, and then heated at 225° for about 24 hours to con- 
stant weight. The product contained 0.02 mole of orthophosphate per 
mole of phosphate; 99 per cent was hydrolyzable by 1 N HCl in 10 minutes 
at 100° and by purified yeast inorganic pyrophosphatase. Chromato- 
graphic analysis on Dowex-1 (chloride form) with 0.05 m NaCl in 0.01 n 
HCl as the eluant indicated that 1.7 per cent of the counts were in the 
orthophosphate region of the elution curve and 86.8 per cent in the PP 
region. Some preparations, perhaps as a result of overheating or incorrect 
pH adjustment, contained polyphosphate, determined as acid-labile phos- 
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phate, which resisted hydrolysis by inorganic pyrophosphatase. This 
polyphosphate fraction remained adsorbed to Dowex-1 with 0.05 m Na 
in 0.01 n HCl as the eluant, but was promptly and quantitatively eluted 
by 1 n HCL. 

The enzyme carrying out the pyrophosphorolytic cleavage of DPN was 
purified from hog liver acetone powder as previously described (1). The 
final ammonium sulfate precipitate was washed with cold 0.80 saturated 
ammonium sulfate solution to remove adherent orthophosphate. With 
the purified preparation, 8 um of DPN were synthesized from ATP and 
nicotinamide mononucleotide per hour per mg. of protein. Slight ATPase 
activity remaining in the final preparation was suppressed by the use of 
fluoride. 

Inorganic pyrophosphatase purified from bakers’ yeast was kindly fur 
nished by Dr. L. A. Heppel. Only PP, among all organic and inorganic 
phosphate compounds tested, was acted upon. Hexokinase (Fraction 3) 
was prepared by the method of Berger et al. (3) and Zwischenferment as 
previously described (4). 

Myokinase was prepared essentially according to Colowick and Kalckar 
(5). Rabbit muscle extract was heated at pH 3, neutralized, and filtered. 
Ammonium sulfate (252 gm.) was added to the filtrate (600 ml.), and the 
precipitate was removed by centrifugation. To the supernatant fluid were 
added 100 gm. of ammonium sulfate, and the precipitate collected by 
centrifugation was dissolved in water to a volume of 90 ml. 

Triphosphopyridine nucleotide (TPN) (purity 0.86) was obtained by 
ion exchange chromatography of a crude liver fraction... DPN (1) and 
nicotinamide mononucleotide (6) were prepared as previously described. 
ATP and adenosinediphosphate were purified from commerical products 
by ion exchange chromatography (7). 

Determinations—PP was determined as orthophosphate released by the 
action of inorganic pyrophosphatase. Radioactivity was determined in 
solution in a metal dish with a mica end window Geiger-Miiller counter; 
the background was 20 to 30 ¢.p.m. Glucose-6-phosphate was estimated 
spectrophotometrically by TPN reduction with Zwischenferment. The 
nicotinamide-ribose moiety was estimated according to Huff and Perlzweig 
(8). 

Orthophosphate was determined by the method of Fiske and Subbarow 
(9); acid-labile phosphate was the phosphate liberated after 10 minutes 
hydrolysis in 1 N HCl at 100°. DPN and ATP were determined as pre- 
viously described (1). 

Ton exchange chromatography was carried out according to Cohn (10) 
in a cold room at 2°. Dowex-1 anion exchange resin (200-400 mesh) was 


1 Kornberg, A., and Horecker, B. L., unpublished. 
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prepared by washing the resin first with 3 N HCl until the washings were 
free of material absorbing at 260 my, and then with water until the chlo- 
ride ion test was negative. The resin was converted to the formate form 
by repeated washing of the chloride form with 2 m sodium formate until 
the washings gave no test for chloride. Then the resin was washed with 
water. The incubation mixtures were adsorbed on Dowex-1 columns, 
washed with an equal volume of water, and eluted with the indicated 
eluants under a head of hydrostatic pressure adjusted to permit a flow 
rate of 0.5 to 1.0 ml. per minute. 


Results 


P®P® was incubated with DPN in two experiments which differed only 
in the initial concentrations of these reactants; the reaction was allowed to 
proceed to or near the equilibrium point. After heat inactivation of the 
enzyme, an aliquot of the reaction mixture was treated with barium and 
ethanol which precipitated from 99.4 to 99.9 per cent of the radioactivity; 
another aliquot was analyzed by anion exchange chromatography. The 
sluble barium salt fraction, essentially free of radioactivity, contained 
96 per cent or more of the DPN and nicotinamide mononucleotide (Table 
I). The ion exchange chromatogram (Fig. 1) indicates three radioactive 
areas which, from prior trial experiments, are known to correspond exactly 
to the orthophosphate, PP, and ATP regions. Phosphate analyses and 
enzymatic assays of samples in these respective areas in Experiment I 
confirmed these deductions; in the ATP area these analyses were in close 
agreement with the optical density values. (The ultraviolet light-ab- 
sorbing material eluted initially consists of the pyridine nucleotides.) The 
recovery of ATP from the chromatogram, as judged by ultraviolet absorp- 
tion, was over 90 per cent and, as determined by radioactivity (Table IT), 
itwas near theoretical. The specific activities of ATP and PP were identi- 
cal within experimental error, as indicated in Fig. 1. 

It was of interest to collect the formed radioactive ATP to establish 
that the location of P® was exclusively in the two terminal positions. To 
the eluate, between 365 and 785 ml. (Experiment I, Fig. 1), were added 
39.6 um of carrier ATP. The pH was adjusted to 8.7 and 2.0 ml. of satu- 
tated barium acetate and 100 ml. of ethanol were added. The precipitate 
was dissolved in dilute HCl, freed of barium by passage through a column 
of Dowex-50 cation exchange resin (sodium form), 0.6 em. X 1 sq. cm. 
The elutate was neutralized; final volume, 5.5 ml. (The supernatant 
which was discarded contained 12 per cent of the radioactivity and 12 
per cent of the 260 my optical density.) Analysis of the final product, 
recovered in an over-all yield of 85 per cent, was as follows: ATP, total 
micromoles by optical density 40.7, by enzyme assay 40.3, total counts per 
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minute 2.8 X 10°. The same procedure, applied to the ATP fraction of | dict 


Experiment II, yielded comparable results. ity 
TaBLeE I = 
orig 


Balance Data of DPN Pyrophosphorolysis 


In Experiment I the incubation mixture contained 1.4 ml. of PP (0.02 m, pH 7.4), 
1.2 ml. of radioactive PP (approximately 0.01 m), 1.0 ml. of DPN (0.1 m), 2.0 ml. of 
glycylglycine buffer (0.25 m, pH 7.4), 0.2 ml. of magnesium acetate (0.3 m), 2.0 ml. 
of potassium fluoride (1 m), 5.0 ml. of pyrophosphorolytic enzyme (0.8 mg. of pro- 
tein per ml.), and water to a volume of 20 ml. After 70 minutes at 40°, the mixture 
was placed.in a boiling water bath for 1.5 minutes, covled, and centrifuged. An ali- 
quot of 7.0 ml. was adjusted to pH 8.5 with NaOH and glycine buffer, and to it were 
added 1.0 ml. of 0.1 saturated barium acetate and 2.0 ml. of ethanol. The precipi- 
tate was removed by centrifugation and the supernatant was saved as the soluble 
barium salt fraction. Experiment II was similar to Experiment I and differed 
only in that the incubation mixture contained 1.0 ml. of DPN (0.04 m) and 1.0 ml. 
of potassium fluoride (1 mo). 



































| Experiment I Experiment IT 
DPN PrP ATP | N-R | DPN re | ATP. NR 
Reaction mixture | | | | 
Initial amount, wm*.......... 97.8; 28.1) 0.0) 39.2} 37.4) 0.0 
Final s Bi Aah oie 70.6, 5.6 22.4/100.0| 17.3, 10.1) 19.9 50.4 
| ian 59 
eee —27.2\-22.5,492.4  |-21.9) 97.3 +19.9 re 
| | | ? 
é : | | Dov 
Soluble barium salt fraction | | | 0.05 
Paro unt apeale Urey osyusste alec. 68.6 | | 98.3) 16.6 51.51 pho: 
Recovery, per cent}.......... 97.3 | 98.3) 95.7; 102 








* Initial values were obtained by removing an aliquot into trichloroacetic acid 
immediately after mixing. The low initial values for PP may be related to a slight E 
turbidity which formed instantly in the incubation mixture. Initial nicotinamide- } the | 
ribose (N-R) determinations were not made and the high final value in Experiment } 7.4), 
II is unexplained. (0.25 

t The recovery of DPN and of total N-R moiety (nicotinamide mononucleotide | (1 m 
+ DPN) in the soluble barium salt fraction is compared with the final amount in} toa 





the reaction mixture. mon 
; ; : plae 
The ATP was degraded according to the following equation. of 9. 
, hexokinase te 
_P_Pp2ps 3 xpe 
(2) Adenosine-P-P2P2 + 2 glucose ayekinaas ; 
adenosine-P + 2 glucose-P® 
Upon completion of the reaction in the presence of excess glucose, the in- 


cubation mixture was analyzed by ion exchange chromatography. The] 1 
adenosine-5-phosphate fraction was recovered quantitatively in the pre] I 
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dicted area in the elution diagram and was free of any trace of radioactiv- 
ity (Table III). The glucose-6-phosphate fraction was then eluted; it 


contained 98.5 per cent of the radioactivity of the ATP from which it 
originated. 
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Fic. 1. Radioactivity of PP and ATP separated by ion exchange chromatography. 
A 10 ml. aliquot of the heated incubation mixture (see Table I) was adsorbed on a 
Dowex-1 (chloride form) column, 6 em. X 1 sq. em., and eluted with 0.01 n HCl in 
0.05 m NaCl. The three areas of radioactivity are, in their order of elution, ortho- 
phosphate, PP, and ATP. 
Tasre II 
Recovery of Radioactivity 
Experiments I and II are described in Table I and Fig. 1. In Experiment III 
the incubation mixture contained 0.5 ml. of ATP (0.04 m), 0.9 ml. of PP (0.02 m, pH 
7.4), 0.2 ml. of radioactive PP (approximately 0.01 m), 1.0 ml. of glycylglycine buffer 
(0.25 m, pH 7.4), 0.1 ml. of magnesium acetate (0.3 m), 0.5 ml. of potassium fluoride 
(1 m), 2.0 ml. of pyrophosphorolytic enzyme (1.3 mg. of protein per ml.), and water 
toa volume of 10 ml. Experiment III-a differed only in that 1.0 ml. of nicotinamide 
mononucleotide (0.02 m) was included. After 90 minutes at 40°, the mixture was 
placed in a boiling water bath for 1.5 minutes, cooled, and centrifuged. An aliquot 
of 9.0 ml. was analyzed chromatographically as in Fig. 1. 














~~ Initial counts | bactenreaie Fr PP ATP Be ava 
| per cent per cent per cent per cent per cent 

I | 11.4 x 108 0.61 | 10.4 15.2 74.7 100.9 

II | 9.0% 10° | O08 | 6.7 32.1 | 60.5 | 99.4 
I | 38x 10° | | | | 2.5 95.0 
III-a | 3.9X 108 | | | 32.4 96.1 








XUM 





540 PYROPHOSPHOROLYSIS OF DPN 


Doudoroff, Barker, and Hassid (11) proposed that, in the reversible con- | 
densation of glucose-1-phosphate with fructose (or other monosaccharides) 

















by a Pseudomonas disaccharide phosphorylase, the intermediate formation la 
of an enzyme-glucose complex took place. They observed a rapid in- edie 
corporation of radioactive orthophosphate in the absence of any mono- 2. 
saccharide acceptor and an inhibition of this incorporation when fructose ole : 
was present. By analogy with this transglucosidase concept, Equation | | pyroy 
may be visualized as involving the formation of an intermediate enzyme- | feiand 
adenyl complex from which the adenyl group may be transferred either te be 
to PP or to nicotinamide mononucleotide. To test this hypothesis, ATP 3. 
was incubated with enzyme and P®”P*® in the complete absence of pyridine desv 
Taste III 4, 
Location of P? in ATP® clusiy 
The incubation mixture contained 1.6 ml. of radioactive ATP (0.0073 m, see the 
text), 0.5 ml. of glucose (0.5 m), 2.0 ml. of glycylglycine buffer (0.25 m, pH 7.4), 0.3 
ml. of magnesium acetate (0.3 mM), 0.1 ml. of hexokinase, 0.5 ml. of myokinase (am- i. 
monium sulfate fraction), and water to a volume of 10 ml. After 30 minutes at 2. Sc 
34°, the incubation mixture was adsorbed on a Dowex-1 (formate form) column, 10 3.B 
cm. X 1 sq. em., and eluted with 0.1 n formic acid. Adenosine-5-phosphate was 
eluted between 138 and 353 ml., 89 per cent appearing between 154 and 270 ml. After 4.K 
552 ml. had passed through, the eluant was changed to 0.1 M sodium formate in 0.1 N 5.C 
formic acid. Glucose-6-phosphate was eluted between 13 and 39 ml. 6. K 
| ATP SS (Glucose-6-phosphet Z 
- -——— - | 9. F 
Initial amount, uw................ | 11.3 0.0 0.0 10. C 
Final es Lee oer | 0.0 10.6 | 23.1 ; 2D 
J 





Radioactivity, c.p.m...............| 622,000 0 | 613,000 } 12. 





nucleotide and in a control experiment in which nicotinamide mono- 
nucleotide was added (Experiments III and III-a, Table II). Only a small 
amount of radioactivity appeared in the ATP area in the absence of pyr- 
idine nucleotide (Experiment III) and there was no clear relation to the 
concentration of ATP. Furthermore, the incorporation of P®P® in the 
presence of nicotinamide mononucleotide (Experiment III]-a), rather than 
being inhibited, was more than 10 times as great. These data therefore 
provide no support for the occurrence of an enzyme-adenyl complex. 

The specificity of PP in the cleavage of dinucleotides was demonstrated 
in previous work (1, 2) by the failure of orthophosphate or commercial 
metaphosphate to substitute for it. These observations have been ex- 
tended to include highly polymerized metaphosphate prepared at 900° 
(12), an intermediate polyphosphate obtained at 225° (see ‘‘Methods’’), 
and sodium tripolyphosphate (Monsanto or Blockson) which are also in- 
effective in replacing PP. 
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SUMMARY 


1. The reversible enzymatic synthesis of DPN and inorganic pyrophos- 
phate from nicotinamide mononucleotide and ATP was investigated with 
radioactive inorganic pyrophosphate. 

2. Starting with DPN and inorganic pyrophosphate, the ATP formed 
was isolated and found to have the same specific activity as the inorganic 
pyrophosphate; the pyridine nucleotides were recovered quantitatively and 
found to be free of radioactivity. The location of P® in ATP was shown 
to be exclusively in the two terminal groups. 

3. The reaction mechanism may be regarded as the pyrophosphorolytic 
cleavage of a dinucleotide. 

4. A convenient method is provided for isotopic labeling of ATP ex- 
clusively in the two terminal phosphate groups. 
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A DIRECT MICROBIOLOGICAL ASSAY FOR QUINOLINIC ACID 
By WILLIAM B. JAKOBY anp DAVID M. BONNER 


(From the Department of Microbiology, Osborn Botanical Laboratory, Yale University, 
New Haven, Connecticut) 


(Received for publication, March 19, 1951) 


In a study of the metabolism of nicotinic acid and the compounds inter- 
mediate in its formation in a strain of Pseudomonas, it was shown that 
quinolinic acid is able to supply a vitamin requirement for nicotinic acid 
(1). The organism utilizes nicotinic acid both as substrate and as a vita- 
min source, whereas quinolinic acid is not oxidized and is utilized solely to 
satisfy the vitamin requirement. This results in an apparent greater sen- 
sitivity of the growth response to quinolinic acid.! 

An assay for quinolinic acid described by Henderson (2) depends upon 
the determination of nicotinic acid with Lactobacillus arabinosus before and 
after acid hydrolysis of a sample. This method has, in our hands, resulted 
in variable recoveries. As determinations of quinolinic acid are frequently 
required in this laboratory, it was decided to investigate the possibility of 
using the growth response of the pseudomonad as a basis for a microbio- 
logical assay for this compound. 


EXPERIMENTAL 


The organism used here is a member of the Pseudomonas fluorescens 
group and has been deposited in the American Type Culture Collection 
(No. 10838). For the assay, cells from a 24 hour nutrient agar slant are 
suspended in 1 ml. of sterile distilled water. 1 drop of this suspension is 
added to 10 ml. of water or saline, and a drop of the resulting dilute sus- 
pension is used as inoculum. 

The medium as described in Table I is adjusted to pH 6.8 to 6.9 with 
KOH. 

It has been found that Pseudomonas, strain 10838, responds to minute 
quantities of quinolinic acid and nicotinamide. Larger amounts, of the 
order of 1 mg. per cent, of nicotinic acid or 3-hydroxyanthranilic acid will 
also elicit a large growth response. Tryptophan, kynurenine, and anthra- 
nilic acid will bring about slight growth at even higher concentrations. 
In order to make the assay specific for quinolinic acid, it is, of course, nec- 
essary to separate the interfering substances. A very convenient way of 
carrying out such a separation is to subject a sample at varying dilutions 
to paper chromatography. 


1 Jakoby, W. B., Schatz, A., Hutner, 8. H., and Weber, M. M., in preparation. 
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Assay Medium 
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Sodium succinate.2H.O......... 
Glutamic acid................. 








gm. perl. | 
2.0 75 RN ee ee 
1.2 ee | 
0.8 Ca. 
0.5 Mn. 
oe 0.2 Fe.. .| 
0.2 Mo. | 
Co | Oa | 
ot ee 





mg. perl. 


50 
20 


14 
10 


* Chelating agent, ethylenediaminetetraacetic acid; its use in the medium allows 
the inclusion of a high concentration of metals which are required for maximum 
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Fia. 1. Typical growth response curve of Pseudomonas, strain 10838, to quino- 


linice acid. 


ug QUINOLINIC ACID 


Tas_eE II 
Substances Tested for Interference 





Nicotinic acid.............. 
Nicotinamide............... 
3-Hydroxyanthranilic acid... 
GSVMMTONING . . ss:e06kesis = vos e 
PEPY DVODDAD:. 26.66.65 .ccs8 6's 
Anthranilic acid............. 
Casein hydrolysate (acid)... 
Yeast extract............... 





mg. 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
200.0 
100.0 


Calcium 





Choline 


Thiamine hydrochloride. . 
RIVGHAVIN eens ss oes 3 cet 
PYTidOxinG . .i5...6i 6. 65. 


pantothenate. ... 


p-Aminobenzoic acid...... 


chloride........ 


LOC ES (0 arr 


Biotin. . 
Inositol 








mg. 
20.0 
10.0 
10.0 
100.0 
10.0 
200.0 


0.1 
200.0 
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A line is drawn 1} inches from the bottom of the short side of a What- 
man No. 1 filter paper sheet which has been cut to 15 by 17 inches. The 
sample is applied at intervals of 13 inches along this line. The spot of 
sample should not be larger than 1 inch in diameter. Up to 0.2 ml. can be 
applied conveniently if the sample is evaporated at intervals during appli- 
cation by heat from an infra-red lamp. A control spot of 100 y of quinolinic 
acid is applied to each sheet. 

It has been found convenient to suspend the paper over a hot-plate so 
that a larger amount of sample may be applied within a short time. In 
this manner up to thirty samples may be prepared within an hour and up 
to 0.5 ml. may be added while the spot is kept within the 1 inch limit. 

The paper is stapled to form a cylinder and placed in a large, covered 
battery jar containing the developer. This consists of n-butanol-n-propa- 
nol-water in a ratio of 2:1:1 by volume. Immediately before use the 
developer is made 0.01 m with respect to NH3. The ascending chromato- 
gram (3) is allowed to develop for 24 hours at room temperature, after 
which it is removed and allowed to dry thoroughly. 

The quinolinic acid control spot is observed as a dark area under an 
ultraviolet light source (Rr = 0.10 + 0.05). That part of the paper con- 
taining the quinolinic acid samples, as determined by the position of the 
control spot, is cut out and placed in 18 X 150 mm. test-tubes. 10 ml. of 
the medium are added per tube and the paper is eluted by shaking for 2 
hours at 30°. After removal of the paper the tubes are plugged, sterilized 
by autoclaving, and inoculated. A series of standard tubes containing 
from 0.05 to 1.0 y of quinolinic acid is run with each assay. Incubation 
is at 30° for 36 hours on a reciprocating shaker, after which optical density 
is determined with a Klett-Summerson photoelectric colorimeter with a 
red (660 my) filter. The quinolinic acid content is interpolated from the 
standard curve. 


RESULTS AND DISCUSSION 


A typical response curve to chromatographed quinolinic acid is shown in 
Fig. 1. Recovery from the chromatogram under these conditions is com- 
plete for the entire concentration range, 0.05 to 1.0 y of quinolinic acid. 

By chromatographing samples in the manner described, all materials 
tested (Table II) were shown not to interfere in the assay. The test was 
made by chromatographing each of the substances, together with 0.2 y of 
quinolinie acid. In all cases, the growth response of the pseudomonad 
to the chromatographed sample was the same as that to the quinolinic 
acid control. 

Recovery of quinolinic acid which had been added to samples, as well as 
the consistency of results of duplicate samples, was well within 5 per cent. 
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No evidence of drift was found; that is, samples in a dilution series yielded 
the same curve as a standard concentration series of quinolinic acid. 


SUMMARY 


A method is described for the microbiological assay of quinolinic acid in 
which nicotinic acid, nicotinamide, kynurenine, 3-hydroxyanthranilic acid, 
and tryptophan do not interfere. Also tested for interference in the assay 
were casein hydrolysate, yeast extract, and various growth factors; no in- 
terference was found. 

The method depends upon the removal of interfering substances by pa- 
per chromatography. Quinolinic acid is eluted from the chromatogram 
directly with the culture medium. Pseudomonas, strain 10838, the assay 
organism, responds to quinolinic acid over a range of 0.05 to 1.0 y per 10 
ml. of medium. 
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PROPERTIES OF THE REACTION UTILIZING ADENOSINETRI- 
PHOSPHATE FOR BIOLUMINESCENCE* 


By WILLIAM D. McELROY 


(From the Department of Biology and the McCollum-Pratt Institute, The Johns 
Hopkins University, Baltimore, Maryland) 


(Received for publication, November 4, 1950) 


Earlier studies have shown that the production of light in firefly ex- 
tracts depends upon a heat-labile catalyst (luciferase), a heat-stable, yel- 
low-green fluorescent compound (luciferin), an inorganic ion (Mgt+, Co*+, 
or Mnt*), oxygen, and adenosinetriphosphate (ATP) (1-3). The neces- 
sity of phosphate bond energy for light production suggests the existence 
of an energy-coupling reaction between ATP and some component of the 
luminescent system, presumably the luciferin-luciferase complex. Re- 
cently it has been possible to separate the adenosinetriphosphatase activ- 


' ity from the luminescent reaction and to study the utilization of ATP un- 
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der more rigorously defined conditions. The present report is concerned 
with the properties of the partially purified system and the kinetics and 
mechanism of utilization of ATP for light production. 


EXPERIMENTAL 


Preparation of Luminescent System—A partially purified enzyme prepa- 
ration which emits light in the presence of ATP has been prepared from 
dried lanterns of the firefly, Photinus pyralis (2). 5 gm. of the dried lan- 
terns were ground with sand and extracted three times with a total volume 
of 100 ml. of H,O. The pH of the extract was adjusted to 6.0 with HCl 
and solid (NH4)2SO4 was added to give 10 per cent saturation. After 
cooling at 0° for 15 minutes, the precipitate was removed by centrifugation 
in the cold and discarded. The supernatant was adjusted to pH 7.5 and 
the (NH4)2SO, saturation raised to 20 per cent. After cooling for 15 min- 
utes at 0°, the precipitate was removed by centrifugation and discarded. 
The final pH of the supernatant was maintained at pH 7.5 and the 
(NH4)2SO,4 saturation raised to 60 per cent. The mixture was cooled for 
lhour at —5° and the resulting precipitate removed by centrifugation and 
dissolved in 50 ml. of H,O. Solid (NH4)2SO,4 was added to 48 per cent 
saturation (pH 7.5) and, after cooling for 15 minutes at —5°, the precipi- 
tate was removed and discarded. Additional (NH4)2S0O4 was added to 
raise the per cent saturation to 60 (pH 7.5), and after cooling for 1 hour at 
—5° the precipitate was removed and dissolved in 25 ml. of H,O. This 


* Contribution No. 7 of the McCollum-Pratt Institute. 
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latter preparation was fractionated with (NH4)2SO,, as described above, 
and from this a more active preparation was obtained at between 55 and 
58 per cent (NH,)SO, saturation. Unfortunately, a limited supply of 
material has prevented extensive experimentation on purification. Unless! 
indicated to the contrary, the 20 to 60 per cent (NH4).SO, fraction was 
used for the experiments reported below. 

Properties of Luminescent System—The following reaction mixture was 
employed for the measurement of light response to ATP or other com- 
pounds: 0.5 ml. of 0.01 m MgSOu,, 1.0 ml. of enzyme preparation, and 0.01 
M NazHPO, (pH 7.5) buffer to a volume of 9 ml. All experiments were | 
carried out at 25°. The light intensity was measured by an electron mul- 
tiplier tube (General Electric 931A) with approximately 90 volts on each 
stage. The output of the tube was measured by an RCA volt-ohmist. 
When 1 ml. of 0.0015 m ATP (Schwarz) was added to solutions containing 
the various enzyme preparations mentioned, the results presented in Table | 
I were obtained. 

Preparation 2 (Table I) remained stable for several weeks at tempera- | 
tures below 0°, but was rapidly inactivated at room temperature, especially 
in dilute solutions. At 40°, approximately 50 per cent loss of activity was 
encountered in 10 minutes. In this preparation, adenosinediphosphate 
(ADP; Sigma) also stimulated light emission, but the amount was only 
20 to 25 per cent of that obtained with ATP. The following compounds | 
were completely inactive in initiating light emission in any of the prepara- 
tions: creatine phosphate, acetyl phosphate (synthetic), inosine triphos- 
phate, inorganic pyrophosphate, metaphosphate, hexametaphosphate, inor- 
ganic triphosphate, reduced or oxidized diphosphopyridine nucleotide 
(Schwarz), riboflavin phosphate, fructose-1 ,6-diphosphate, glucose-1-phos- 
phate, thiamine pyrophosphate (Merck), and firefly luciferin (3). 

Preparation 4 was colorless (Table I) with a sharp absorption peak at 
278 my. Upon excitation in alkaline solution (pH 8.0) with ultraviolet 





light, a yellow-green fluorescence was obtained with an emission peak at 
531 mu. In slightly acid solution (pH 6.0), the fluorescent color shifted 
to a blue-green, with emission peaks at 471 and 529 my. The changes 
and the characteristics of the fluorescent spectra of the enzyme prepara- 
tion are similar to purified firefly luciferin (3). The total amount of light 
which could be obtained from Preparation 4, as shown in Table I, was 
greatly reduced by purification. Within a few minutes after the addition 
of ATP to this preparation, the light disappeared completely, and reap- 
peared only when additional purified luciferin was added. The results 
demonstrated that under these conditions a definite, but limited amount 
of light was obtained for a given amount of luciferin, indicating an irre- 
versible inactivation such as observed in the Cypridina system (5). Al 
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though Preparation 4 responded normally to ATP, no light was emitted 
with ADP, in contrast to the crude extract or Preparation 2. Similarly, 
ATP which had been treated with hexokinase and glucose failed to initiate 
light emission in Preparation 4. The results demonstrate that the ter- 
minal phosphate on ATP is the only immediate labile phosphate group which 
can be used in the luminescent reaction. These results, as well as others 
which will be reported later concerning the hexokinase reaction, indicate 
that an active myokinase had been removed during repeated precipitation 
with (NH,)2SO,. 

Utilization of ATP in Luminescent System—One of the interesting char- 
acteristics of the luminescent system was the rapidity with which ATP 
was apparently utilized. In crude extracts, the light emission was cor- 




















TABLE I 
Purification of Luminescent System 
44 Tomite | Protein | Spach 
volts per ml. mg. wr ag 
1 Crude extract 8000 11.5 695 
2 (NH,)2S0, fraction, 20-60% saturation 6000 4.7 1275 
3 s “ 48-60% ce 4500 1.15 3900 
4 ee sf 55-58% ee 1200 0.23 5200 








The 100 ml. of crude extract were prepared as described in the text. The total 
light units for the 100 ml. are based upon the initial light intensity obtained when 
ATP is added in the standard assay procedure (see the text). The total light emis- 
sion is calculated for the entire enzyme preparation in each case. Protein analysis 
by the method of Herriott (4) as modified by Lowry (unpublished). 


related with the disappearance of ATP and the appearance of inorganic 
phosphate (2). When the 2 equivalents of phosphate from ATP were 
liberated, the light emission of the preparation ceased. A second addition 
of ATP restored the luminescence. On the other hand, when ATP was 
added to any of the partially purified preparations, there was initially a 
very bright light response, which rapidly decreased to a basal level of 
approximately 10 to 15 per cent of the maximum (Fig. 1). The low re- 
sidual luminescence has been observed to last over a period of more than 
15 hours. The light intensity of this preparation may be increased by a 
second addition of ATP. The results definitely indicate that the ATP 
concentration was the limiting factor, as far as light intensity was con- 
cerned. Contrary to what was observed in the crude preparations, how- 
ever, was the fact that no inorganic phosphate appeared as the ATP was 
apparently consumed. Several different experiments were performed in 
an effort to determine the fate of the labile phosphate groups. 
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Analysis of samples of the reaction mixture at various times after addi- 
tion of ATP for labile phosphate (6) established the fact that practically 
all of the labile phosphate groups were still present. Since hexokinase 


catalyzes the transfer of the terminal phosphate of ATP to glucose (7), it ' 


was possible to determine whether the labile phosphate was still available 
for this reaction. As shown in Table II, the addition of hexokinase and 
glucose 5 minutes after ATP caused a rapid decrease in the labile phos- 
phate. The addition of glucose alone failed to affect the labile phosphate 
level. In addition to the evidence cited earlier concerning the presence of 
myokinase, the results in Table II clearly establish the fact that the en- 
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Fia. 1. Effect of ATP and inorganic pyrophosphate on light production. 1 ml.| 
of ATP was added at zero time to give a final concentration of 1.5 X 10-‘ m for Re| 
action A and 1 X 10-5 for Reaction B. Reaction mixture: 0.5 ml. of 0.01 m MgS0,,! 
1.0 ml. of enzyme (Preparation 2) and 7.5 ml. of H2O (pH 7.5). The arrows indicate 
the time at which 0.3 ml. of inorganic pyrophosphate was added (final concentration, 
3 X 10-*m). Corresponding inorganic phosphorus concentration per ml. of reaction 
Mixture A is given in the section at the right. 


zyme was present, since the phosphate groups of ADP were made avail-| 
able for the phosphorylation of glucose upon the addition of hexokinase. 

Fractionation of the luminescent reaction mixture after the addition 0 
ATP with barium acetate (6) indicated that over 90 per cent of the labile 
phosphate was precipitated as the barium salt. This barium-precipitabl 
labile phosphate could also enter into the hexokinase reaction. The results 
indicate that the ATP was still present in the reaction mixture, evel 
though the light intensity was rapidly decreasing. Since the system wil 
emit light upon the addition of more ATP, one must conclude that mos' 
of the ATP added initially to the system was unavailable for maximum 
light production. 

Effect of Inorganic Pyrophosphate and Pyrophosphatase on Utilization 0 
ATP—In preliminary experiments designed to determine whether pyre 
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phosphate would influence the utilization of ATP in the light reaction, it 
was observed that the addition of the former, after light production by 
ATP had decreased to a small value, stimulated light production in much 
the same way as additional ATP (Fig. 1). Since pyrophosphate by itself 
or pyrophosphate plus adenylic acid failed to stimulate light production, 
it seemed likely that this compound was in some way making the ATP 
available for light production. A second luminescent response to pyro- 
phosphate occurred in the presence of ADP as well as ATP. With ADP 
(Fig. 2) there was a slight lag in the initial light emission in contrast to the 


TaB.1eE II 
Effect of Hexokinase on Labile Phosphate in Luminescent System 
The values are given in micrograms per ml. 











Reaction A Reaction B Reaction C Reaction D 
: 2 ml. 0.015 u ATP, 1 ml. 2 ml. 0.015 wm ATP, 1 ml.} 1 ml. 0.01 wm ADP, 
Time 2 mi. 0.015 m ATP 7 0.1 ppl tt 4 ba 0.1 — : ml, 1 bpectig — 
P AiP P AP P AP P AiP 
min. 

0 8 116 1l 126 11 122 5 36 
15 10 118 15 78 6 6 
30 12 110 10 123 14 45 5 4 
45 10 113 14 38 
60 11 BY 12 119 16 32 





























All the reaction vessels contain 1 ml. of the luminescent enzyme, 0.5 ml. of 0.01 
M MgSO,, and water to give a total volume of 10 ml. The pH was adjusted to 7.5. 
Inorganic phosphorus and labile phosphate concentrations (P andA;P) are expressed 
in micrograms per ml. of the reaction mixture. In Reactions C and D, purified hexo- 
kinase (kindly supplied by Dr. S. P. Colowick (7)) (800 units; 0.3 mg. of protein) 
was added after the luminescence reached the steady state level (5 minutes after 
ATP addition). Inorganic phosphate determination by the method of Sumner (8). 


instantaneous response to ATP. Furthermore, the maximum light inten- 
sity obtained by the addition of pyrophosphate was greater than that 
obtained with the initial addition of ADP. With ATP the maximum re- 
sponse obtained with a secondary addition of pyrophosphate was approxi- 
mately 50 per cent of the initial intensity (Fig. 1). With ADP, however, 
the response to pyrophosphate was over 2 times the initial intensity but 
was equal to what would have been expected if ADP were converted to 
ATP. The results suggest that the binding or removal of ATP allows 
complete conversion of ADP into the former through a myokinase reaction. 

The response of the luminescent system to pyrophosphate was only 
temporary, as the results in Figs. 1 and 2 demonstrate. In many respects 
it simulates the effect of ATP. The rapid drop in light intensity in the 
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experiments described above appears to be due to a rapid hydrolysis of 
pyrophosphate. An analysis for orthophosphate after the addition of py- 
rophosphate indicates the presence of a large amount of pyrophosphatase 
(Fig. 1). The pyrophosphatase has been partially purified by means of 
(NH,)2SO, fractionation and a number of its properties studied. The en- 
zyme required specifically Mg** ion as the activating metal and was in- 
hibited by Mn**, Ca++, Bet+, and Cutt. Since Mnt* will activate the 
luminescent system (2), it was possible to determine whether or not pyro- 
phosphate would give a greater response under these conditions. The 


results of such an experiment indicate that the response to ATP as well | 


as pyrophosphate is greatly prolonged with Mn++. Under these circum- 
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Fig. 2. The response of the luminescent system to ADP and inorganic pyrophos- 
phate. The final concentration of ADP in Reactions A and B was 5 X 10-4 Mm and 
2.5 X 10-* M, respectively. Pyrophosphate concentration was 3 X 10-‘ m. Same 
conditions as in experiments reported in Fig. 1. 


stances a second addition of pyrophosphate elicited a weak response, sug- 
gesting that the previously added pyrophosphate had been removed. 
Since the pyrophosphatase was inactive under these conditions, and since 
no inorganic phosphate was liberated, it seems likely that the pyrophos- 
phate is removed in much the same manner as ATP. 

The fact that several compounds, in particular Mn++ and fluoride, can 
preferentially inhibit pyrophosphatase activity without affecting lumines- 
cence (2) indicates that this enzyme is not essential for light production. 
The most highly purified luminescent enzyme reported in Table I had 
very little pyrophosphatase activity associated with it. 

Influence of Other Compounds on Utilization of ATP—A variety of or- 
ganic and inorganic phosphate compounds have been tested for their abil- 
ity to influence light emission in the enzyme preparations after ATP has 
been added. The results reported in Table III indicate that the most 
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S of effective compounds are the inorganic meta- and pyrophosphoric acids. 
Py- —_ It is important that none of the compounds listed will initiate luminescence 
tase in the dark preparations. 




















3 of | A series of experiments has been performed with varying concentrations 
en- of ATP and inorganic triphosphate in an effort to learn more about the 
In- kinetics of the stimulation phenomena. The results of these experiments 
the are presented in Figs. 3 and 4. The results demonstrated that the initial 
yTO- luminescent response varied with the ATP concentration up to approxi- 
The 
vell TaBLe III 
im- Compounds Influencing Utilization of Adenosinetriphosphate in Luminescent System 
Compound Final “oa Response 
i + per cent 
Sodium triphosphate..... ..2..... 2<...0s.eads 1.0 63 
\ <9 HHOVH DOB PNAC? © od. Sere seucaweeees 2.0 59 
‘¢  hexa’metaphosphate................. 2.0 51 
‘© . PYyFOphospHater.. «5.4 2.602. dees 2.0 50 
Thiamine pyrophosphate................... 2.0 27 
Acetyl pnospHate......occsax coe eed ck nee os 4.0 26 
Tnosine triphospnate... .......0566.6ci..0 senses 1.0 24 
Glycerol PHOspuate: | ......0 2.260. sc cance es 30.0 0 
Diphosphopyridine nucleotide.............. 10.0 0 
Musele adenylte acid... 0.2... 2. ccccescees 30.0 0 
Hexose diphosphate: . 2... c.c.cce cee eess eee 10.0 0 
Orthophospnate’.. «ee ncss.c< cos gad shed tere 10.0 0 
108- 
wi | 1 ml. of adenosinetriphosphate (0.0015 m) was added initially to the following 
me | mixture: 1 ml. of enzyme (Preparation 2), 0.5 ml. of 0.01 m MgSO,, and water to a 


| volume of 9 ml.; adjusted to pH 7.5. 3 minutes after the addition of ATP, one of the 
| compounds listed was added in a 1 ml. volume to give the final concentration shown, 
ig- | and the light intensity measured every 10 seconds. The maximum response re- 


ed corded is given in per cent of the maximum light intensity initially obtained with 


| ATP. 
1ce 
Os- mately 0.0002 m. The maximum response to a constant amount of inor- 
ganic triphosphate (5 X 10-° m) also varied with the ATP concentration. 
an The rate at which the maximum light intensity was attained, as well as its 
es- | decay when inorganic triphosphate was added, also varied with the initial 
on. ATP concentration. The nature of these changes is evident from Fig. 3. 
ad A similar picture was obtained when a constant amount of ATP was used 
(0.0002 m) and the inorganic triphosphate concentration varied. The re- 
or- sults in Fig. 4 demonstrated that the maximum luminescent response as 
vil - well as the rate varied with the inorganic triphosphate concentration. 
1as Higher concentrations were inhibitory when initially added, but with time 
ost a certain amount of recovery was obtained, the rate and extent of the re- 
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covery depending upon the ATP concentration. It is apparent that the upon N 
basal level of luminescence attained after adding inorganic triphosphate _ alter tk 
varied with the concentration of the latter. The difference between this triphos 
level and that without inorganic triphosphate theoretically represents the | bY Mg 
difference in free ATP in the two cases. By adding an excess of ATP it were 10 
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Fig. 3. The response of the luminescent system to varying ATP concentrations 
and a constant inorganic triphosphate concentration. Reaction mixture, 0.05 ml. of The 
0.01 m MgSOx,, 1.0 ml. of enzyme (Preparation 2), 1.0 ml. of ATP, and 7.5 ml. of 0.01 


mM NasHPO, (pH 7.5). For Reactions A, B, C, D, and E, the final concentration of | rage 
ATP in micrograms per ml. was 100, 60, 40, 20, and 10, respectively. 0.5 ml. of inor- | ; Xx 10 
ganic triphosphate was added at 3 minutes to give a final concentration of 5 X 10-5 m. | 

Fic. 4. The response of the luminescent system to varying inorganic triphosphate 


: ; ; xi 
concentrations and a constant ATP concentration (0.1 mg. per ml.). Varying con- | fa 

centrations of inorganic triphosphate were added at 3 minutes. The concentration igat 
of the triphosphate with the corresponding light response is given in the graph, and ATP 
for Curves A, B, C, D, and E is 10, 5, 4, 2, and 1 X 10-5, respectively. The reac- maxi! 
tion mixture was the same as that given in Fig. 3. tensi 
was possible to eliminate the secondary response to inorganic triphosphate, | °PP™ 


but unfortunately this concentration of ATP inhibited the initial light | the r 
intensity. It should be pointed out that no inorganic phosphate was lib- phat 
erated when the inorganic triphosphate was added to the reaction mixture. sali 

Effect of Mg** and Temperature—The response of the light-emitting sys- — 
tem to ATP and inorganic triphosphate with varying amounts of Mgt+ 
ion is given in Table IV. The results clearly demonstrate that the re- ‘ 
sponse to both ATP and inorganic triphosphate depend upon Mgt ion Tr 
concentration. The rate of the light intensity decay likewise depends tai 
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W. D. MCELROY 555 
upon Mg** ion, as indicated by the light intensity measured 3 minutes 
after the ATP was added. In the absence of added Mgt ions, inorganic 
triphosphate inhibited luminescence. This inhibition could be overcome 
by Mg** ion. However, in a reaction mixture in which Mgt* and ATP 
were in sufficient concentration to saturate the luminescent system, it was 
possible to obtain temporary inhibition with inorganic triphosphate which 
was not relieved by Mg**. 

By performing similar experiments, as discussed in the previous sections 
at different temperatures, it has been possible to calculate the energy of 
activation for three different processes; 7.e., the initial light intensity, the 











TaBLe IV 
Effect of Varying Mgt* Ion Concentration on Light Response to ATP and Inorganic 
Triphosphate 
MgSO. concentration, | Initial maximum response | Basal light intensity at 3 | Initial maximum response 
M X 108 to ATP min. to inorganic triphosphate 
volts volts volts 
0 8.4 4.7 —1.2 
2.0 10.5 3.8 1.45 
3.5 12.5 3.2 3.0 
5.0 15.0 2.9 5.2 
10.0 18.0 3.0 8.5 
25.0 21 3.0 14.0 
50.0 25 2.8 14.2 
100.0 26 2.9 13.8 














The reaction mixture contained 1 ml. of enzyme (Preparation 2), 1 ml. of ATP 
(0.0015 m), 1 ml. of MgSO, solution diluted to give the desired concentration, and 7 
ml. of 0.01 m NasHPO,, pH 7.6. Final concentration of inorganic triphosphate was 
5X 10-5 om. 


maximum and the rate of response to inorganic triphosphate, and the basal 
light intensity after ATP addition. In all of these experiments, the Mgt, 
ATP, and inorganic triphosphate were in sufficient concentration to give 
maximum response. When ATP was first added, the maximum light in- 
tensity depended upon the temperature, and AH™~ for this process was 
approximately 11,000 calories. Likewise the maximum luminescence and 
the rate of attainment of maximum luminescence when inorganic triphos- 
phate was added were dependent upon temperature, and the AH™ for this 
process was approximately 13,000 calories. The AH~ for the basal lumi- 
nescence was the same as for the initial flash, as might be expected. 


DISCUSSION 


The present results suggest that, when ATP is first added to the lumi- 
nescent system, a small percentage is used in the light-emitting reaction 
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while the remainder is removed, so that it is available to only a limited 
extent for light production. By comparing both the maximum light in. 
tensity and the basal steady state light emission to the maximum light in. 
tensity obtained at different concentrations of ATP, it is possible to ap. 
proximate the equilibrium between the available and unavailable ATP. 
The value for this equilibrium varies with the ATP concentration below 
saturation. However, when the luminescent system is saturated, approx- 
imately 97 per cent of the ATP is made unavailable for continued maxi- 
mum light production within 1} minutes after the ATP is initially added. 





The slow decline of light intensity after equilibrium is due primarily to the | ! 


destruction of luciferin when concentrated enzyme solutions are used. In 
dilute solutions, however, other components are likewise inactivated. 
The action of inorganic triphosphate and other compounds in stimulating 
light production after the addition of ATP is interpreted as being due to 
a displacement of the ATP from an inactive state. The fact that the | 
kinetics of the flash reaction as well as the maximum light intensity after 
inorganic triphosphate addition depend upon the ATP concentration sup- 


ports this conclusion. In addition the steady state level of luminescence | 
varies in proportion to the amount of inorganic triphosphate added, indi- | i 


cating proportional saturation of the sites which bind and make ATP 
unavailable for luminescence. An important point in this respect is the 
fact that the ATP which is unavailable for light production is readily uti- 
lized by hexokinase in the phosphorylation of glucose. In other words, the 
ATP is readily removed from the bound form by either displacement with 
inorganic triphosphate or by lowering the free ATP concentration by hex- 
okinase. 

Temperature analysis, effect of varying Mg++ ion, and ATP concentra- 
tion indicate that the luminescent reaction and the reaction which makes 
ATP unavailable have similar properties. It is not possible to conclude 
from the data available whether the luminescent system itself contains the 
ATP-combining sites. Certainly the decrease in light intensity is not due 
to excess ATP bound at the “luminescent sites” since additional ATP in- 


creases the light intensity. The fact that the most highly purified enzyme | 
preparations obtained thus far respond to ATP and inorganic triphosphate | 


in the manner described above suggests that the light-emitting system may 
be tied up closely with the reactions which bind ATP. 

Since luciferin is destroyed in the light-emitting reaction, it is suggested 
that the oxidation of this compound, which is essential for luminescence, 
is concerned primarily with the coupling and utilization of phosphate bond 
energy from ATP for activation of the essential component which emits 
light. 

An understanding of the mechanism by which chemical energy is con- 
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verted into light energy in this enzyme-catalyzed reaction should help 
clarify the processes by which phosphate bond energy is used in biological 
systems. 


SUMMARY 


1. The partial purification of the luminescent system from fireflies which 
emits light upon the addition of adenosinetriphosphate is described. 

2. By purification an active adenosinetriphosphatase and myokinase are 
removed. Under these conditions, only the terminal phosphate group of 
ATP will support light emission. 

3. It is not possible to demonstrate a disappearance of labile phosphate 
groups during the luminescent reaction, although the light intensity rapidly 
declines after the addition of ATP. A second addition of ATP, however, 
restores the initial high light intensity. 

4. The addition of a large number of inorganic and organic phosphate 
compounds after ATP will stimulate light emission. Inorganic triphos- 
phate and pyrophosphate are particularly effective. 

5. The labile phosphate remaining in the preparations, after the light 
intensity has decreased to a low level, appears to be ATP, since it can be 
transferred to glucose through the hexokinase reaction. The results sug- 
gest that ATP is bound, so that it is available to only a limited extent 
for light production. The action of inorganic triphosphate in stimulating 
light production is interpreted as being due to a displacement of ATP 
from the bound inactive sites. 
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GROWTH PROMOTION BY KETO AND HYDROXY ACIDS AND 
ITS RELATION TO VITAMIN B,* 


By JOSEPH T. HOLDEN, RUTH B. WILDMAN, anno ESMOND E. SNELL 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison, Wisconsin) 


(Received for publication, March 9, 1951) 


Many of the amino acids required in the diet of animals or microorgan- 
isms are non-essential if the corresponding keto acids are supplied (cf. 
(i-7)). How these keto acids are transformed to amino acids in vivo is 
not generally known, but the change is assumed to occur either by reductive 
amination or by transamination. The transaminating enzymes so far stud- 
ied all require pyridoxal phosphate as a coenzyme (8, 9), whereas the 
known enzymes that carry out reductive amination of keto acids or the 
reverse reaction are either pyridinoproteins or flavoproteins and vitamin 
B, does not appear to be involved. If it could be shown that vitamin Bg 
was specifically required for utilization of keto acids by growing organisms, 
strong presumptive evidence for their utilization via transamination re- 
actions, and thus for the general significance of various transamination 


| reactions in vivo, would be provided. 


Such experiments are described below. The test system used was based 
on the observations that many lactic acid bacteria grow well in the absence 
of vitamin Be if a complete assortment of amino acids, including p-alanine, 
is provided, and synthesize little or no vitamin Be under these conditions 
(10,11). In such a medium substitution of a keto or hydroxy acid for an 
essential amino acid would result in growth failure if vitamin Bg is required 
for its transformation to the corresponding amino acid; upon addition of 
vitamin Be, growth should again become possible. Broquist and Snell (5) 
demonstrated in this way that vitamin Bg was necessary for utilization of 
imidazolepyruvie acid in place of histidine by Streptococcus faecalis; on 
these grounds they postulated that histidine participates in transamination 
in this organism. The present experiments demonstrate that vitamin Bs 


| is required quite generally for utilization of the keto and hydroxy acids 


that substitute for the essential amino acids in these bacteria. The organ- 
isms employed are widely used for the determination of amino acids, and 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by grants from the United States Public 
Health Service (RG-738) and from the Research Committee of the Graduate School 
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the present data are also of interest in defining the specificity of such 
methods. 


EXPERIMENTAL 


Cultures and Inocula—S. faecalis R, Lactobacillus arabinosus 17-5, and 
Leuconostoc mesenteroides P-60 were carried as described elsewhere (12), 


Inocula were grown for 20 to 24 hours at 37° in the basal medium appro- 
priate for each organism (Table I and the text) and were separated from 


TaBLeE I 
Composition of the Basal Medium for L. arabinosus 

















Amount per| | Amount per 

00 ml. | 00 mi. 

Component double | Component double 

strength | strength 

medium medium 

| 
mg | mg. 
Glucose 2000 | Adenine sulfate 2 
Potassium acetate 1430 | Guanine hydrochloride 2 
NH.Cl | 400 Uracil 2 
KH2PO, | 86 | Xanthine 2 
MgS0O,-7H.0 | 20 | put-Alanine 200 
MnS0O,:H:20 | 6 | pu-Aspartic acid | 40 
Y | u-Glutamic acid | 200 
Thiamine chloride | 40 | L-Arginine hydrochloride | 40 
Riboflavin | 80 | u-Lysine hydrochloride | 40 
Calcium pantothenate 80 | L-Cystine 120 
Niacin | 80 | Other amino acids | 
p-Aminobenzoic acid 40 L forms* or 20 
Biotin | 0.4 | pu-formst | 40 
Folic acid | 2 | 





* Glycine, histidine, leucine, proline, tryptophan, and tyrosine. 
t Isoleucine, methionine, phenylalanine, serine, threonine, and valine. 


the stock culture by at least one, but not more than five, previous passage | 


through the synthetic inoculum medium. 
washed once with sterile saline, then diluted to give a cell suspension ol 


The cells were centrifuged, | 
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barely visible turbidity (93 per cent incident light transmitted, Evelyn | 


colorimeter, 16 X 180 mm. tube). 


1 drop of this suspension was used to 
inoculate each experimental tube. 


Basal Media and Assay Procedures—L. arabinosus was grown in the | 


medium of Table I. 


ilar medium described by Henderson and Snell (12), but modified as fol- 
lows: aspartic acid was halved, and glucose, cystine, ammonium chloride, 


and vitamins were supplied at the concentrations shown in Table I. In- 


S. faecalis and L. mesenteroides were grown in a sim- | 
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dividual amino acids were omitted as desired from these media, as noted 
in Tables II to IX. 

All media were prepared at twice their final concentrations, adjusted t; 
pH 6.8, added to matched 16 X 180 mm. culture tubes in 3 ml. quantities, 
diluted with water or supplements to 6 ml., capped, and autoclaved at 
15 pounds pressure for 5 minutes. Solutions of pyridoxal and the keto 
and hydroxy acids were adjusted to pH 6.8, appropriately diluted, steri- 
lized by filtration, and added aseptically to previously autoclaved media, 
The tubes were inoculated, then incubated at 30°. Turbidimetric esti- 
mations of growth were made at selected intervals directly in the matched | 
culture tubes by use of an Evelyn colorimeter fitted with an adapter for 
this size tube; the results are expressed as dry weight of cells per ml. 

Each of the basal media (and the inoculum media) was free of vitamin 
Be, but contained p-alanine (10). Although addition of vitamin Bg to 
these media improves growth of all three organisms significantly, good 
growth occurs in its absence. In contrast, the single omission of the vari- } 
ous amino acids examined here prevents growth, even though vitamin B; 
is added. In the absence of vitamin Be, growth of L. arabinosus was 
heavier and more reproducible when carbon dioxide was present; this or- 
ganism, consequently, was incubated in an atmosphere of carbon dioxide. 

Keto and Hydroxy Acids—Preparative methods and the physical con- 
stants found for those keto and hydroxy acids not available commercially 
are given in Table II. The activity of all keto acids was determined 
immediately following their preparation. 


Results 


Two types of experiments were carried out with all compounds: (a) quan- 
titative comparisons of the growth response to graded levels of amino, keto, 
and hydroxy acids were made in the presence and absence of vitamin Bg, 
and (b) the amount of vitamin Beg required for growth in the presence of 
constant high levels of the amino, keto, or hydroxy acid was determined. 
The most active form of vitamin Bs for each organism was used; this was 
pyridoxamine for S. faecalis and L. arabinosus, pyridoxal for L. mesenter- 
ovdes. 


~—— 


Growth Experiments with S. faecalis—Results of both types of experi- 
ments, obtained with S. faecalis and compounds related to valine, are 


shown in Fig. 1. They show clearly that vitamin Bg is required for utili- 
zation of the keto and hydroxy acids, but not for that of valine itself. a- 
Hydroxyisovaleric acid is less active than a-ketoisovaleric acid; growth 
with the former compound does not reach maximum levels even at high 
concentrations of both pyridoxamine and the hydroxy acid. Utilization 
of the hydroxy acid for growth requires higher concentrations of vitamin 
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noted B, than does utilization of the keto acid; no growth response to pyridox- 

amine alone occurs even at very high levels. 
ted t The activities of other keto and hydroxy acids in replacing the corres- 
tities) ponding essential amino acids for S. faecalis were determined in the man- 
ed at ner illustrated in Fig. 1, A, with results summarized in Table III. In 
» keto striking contrast to the amino acids, which permit growth both in the 
ster presence and absence of vitamin Be, the keto acids are active only when 
nedia, 
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cially Y KETO, HYDROXY, OR MILLIMICROGRAMS 
nined AMINO ACID PER 6 ML. PYRIDOXAMINE PER 6 ML. 

Fig. 1. (A) The response of S. faecalis to valine, a-ketoisovaleric acid, or e- 

hydroxyisovaleric acid in the presence and absence of vitamin Bs. Curve 1, DL- 

valine; Curve 2, a-ketoisovaleric acid; Curve 3, pi-a-hydroxyisovaleric acid; (a) 

juan- with 10 y pyridoxamine; (b) no pyridoxamine. Incubated at 30° for 24 hours. Dash 

keto. line, one-half maximum growth (Table III). (B) The response of S. faecalis to 

_” pyridoxamine in the presence and absence of valine or the corresponding keto and 

6; \ hydroxy acids. Curve 1, 1000 y of pt-valine; Curve 2, 1000 y of a-ketoisovaleric acid; 


ce ol | Curve 3, 1000 y of pL-a-hydroxyisovaleric acid; Curve 4, no additions to the valine 


ined. | and vitamin B,-deficient medium. Incubated at 30° for 24 hours. 
: - - vitamin Bg is present, thus demonstrating a specific requirement for this 
vitamin for utilization of each of these compounds. Although each of the 
peri- active keto acids is less active than the corresponding amino acid, each 
ait supports maximum growth when added (with pyridoxamine) in sufficient 
iti]. | mount. Only two of the hydroxy acids, corresponding to valine and 
es isoleucine, were utilized by this organism, and these only when vitamin 


Bs is present. Both hydroxy acids are far less active than the correspond- 

ing amino acids, even when large amounts of vitamin Bg are added. 
Results similar to those illustrated in Fig. 1, B, but obtained with other 

keto and hydroxy acids, are summarized in Table IV. They emphasize 
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(a) that extremely high levels of pyridoxamine do not permit growth in 
the absence of an essential amino acid (histidine through valine) or the 
corresponding keto acid, (b) that vitamin Bg is specifically required in 
every case for utilization of keto acids or hydroxy acids in place of the 
amino acid, (c) that considerably larger amounts of vitamin Bs are neces- 
sary to permit growth with a hydroxy acid than is required with the cor- 
responding keto acid, and (d) that the vitamin Be requirement for growth 


TasB_eE III 
Comparative Activities of Amino Acids and Corresponding Keto and Hydroxy 
Acids in Promoting Growth of S. faecalis in Presence and Absence 
of Vitamin Be 

















Amount required for half maximum growth,f 7 per 6 ml. 





| Amino acid a-Keto acid | a-Hydroxy acid 
vi “ Vitami Vit wm 
r . i _ itamin seals ted eee itamin 
Acid corresponding to ee eee | “ee | 
| alison present* P | present* 
| 














t-Histidine............ | 30 20! —(2,000)¢! 60 | —(2000)¢|— (2000) 
pu-Isoleucine........... -| 145] 115 | — (2,000) 145 | — (2000) | 500 
u-Leucine.............. | 82 65 | — (2,000) 100 | — (2000) |— (2000) 
L-Tryptophan.......... | 10 8 | —(2,000) 400 | — (2000) |— (2000) 
LeRVTORINC 2065 5..0ce<s| 180 30 | — (2,000) 440 | — (2000) |— (2000) 
III oss ncects | 130] 105 | —(5,000) 175 | — (5000) | 790 
L-Glutamic acid........ .| 3880 | 360 | — (10,000) |— (10,000); — (5000) |— (5000) 
pu-Aspartic “ §... 1000 | 700 — (5000) |— (5000) 








*10 y of pyridoxamine per 6 ml. 

t These amounts were taken from dose-response curves obtained with each group 
of compounds, as illustrated for valine in Fig. 1, A. 

t Indicates that no growth was supported by amounts up to 2000 y per 6 ml., 


the highest amount tested. The incubation time varied in individual experiments 
from 20 to 24 hours at 30°. 


§ Biotin was omitted and 120 y of oleic acid and 6 mg. of Tween 40 were added per 
6 ml. Under these conditions, aspartic acid is essential for this organism (49). 


varies over a very wide range (from 0 to over 100 mugm. per 6 ml.), de- 
pending upon the metabolic transformations imposed upon the organism 
by variations in its nutritive environment.! 

Phenylalanine is included in Table IV for comparative purposes. In 
the presence of sufficient pyridoxamine, this amino acid is not required by 
S. faecalis; i.e., its carbon skeleton can be synthesized from other compo- 


1 These figures represent the variation when pyridoxamine, the most active form 
of vitamin Bg for this organism, is used. The apparent variation would be vastly 
greater if pyridoxine were used, not because the latter functions differently in vivo, 
but simply because it is not readily converted to active forms by this organism (37). 
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th in nents of the medium, in contrast to those of the remaining amino acids of 
the able IV.2 Under these conditions, the pyridoxamine requirement is of 
‘din the same order of magnitude as that observed when utilizable hydroxy 
i the | geids are supplied, but much higher than that required for utilization of 
eces-  phenylpyruvic acid. With this organism one may thus observe (a) a spe- 
Cor-  gifie requirement for phenylalanine (medium complete with respect to 
owth amino acids, but free or very low in vitamin Be), (b) a requirement for 

phenylalanine that is also satisfied by phenylpyruvic acid but not phenyl- 


Y TaBLE IV 
Comparative Vitamin Bs Requirement of S. faecalis for Growth with Amino, 
Keto, or Hydroxy Acids 





” | Addition to appropriate deficient basal medium* 


| 





. Acid corresponding to | None 


sent* 


Amino acid| Keto acid 











Hydroxy acid 
i 





a 


|Pyridoxamine required for half maximum growth,t mugm. per 6 ml. 
| 
| 
| 











| | | 
EE Ore ee | —(10,000)t 0 | 5.7 | —(10,000)t 

ee) SW... oy. se eee canes | — (10,000) 0 8.8 | 100 
i nes nore rere | — (10,000) 0 | 2.7 | —(0,000) 
ai cere | — (10,000) 0 | 17 | (0,000) 
2000) PU VEOREN Gl. 4os-tce sAoseeyesceonsve titi — (10,000) 0 8.2 | — (10,000) 
eo RE rere | — (10,000) 6 | 47 | 60 
790 Phen yralanine'........4.c.2 ses oe | 56 0 0.7 | 88 
1000) 
000) * The single amino acid under investigation and vitamin Bs were omitted from 


the complete basal medium; supplements were then added as indicated. Valine, 
isoleucine, phenylalanine, and tyrosine and the corresponding keto and hydroxy 
roup acids were added at levels of 1000 y per 6 ml.; leucine, tryptophan, and histidine 
and their analogues were added at a concentration of 500 y per6 ml. Incubated 20 
ml., | to 24 hours at 30°. 

ents + Determined from dose-response curves similar to those of Fig. 1, B. 

t Indicates that no growth was supported by amounts of pyridoxamine up to 
| per 10,000 mugm., the highest level tested. 


lactic acid (medium containing moderate amounts of vitamin Be), or (c) 


de- complete independence of phenylalanine or the corresponding keto acid 

— (medium high in vitamin Bs). Similar relationships may be observed with 

other lactic acid bacteria and many other non-essential amino acids, and 

In lack of knowledge of the relationship of the concentration of vitamin Be 

, _ to the observed results has contributed in the past to different views con- 
LpO- 

2 With the incubation times used here (24 hours), tyrosine is required by S. fae- 

orm calis, and tyrosine and phenylalanine by L. arabinosus, even though excess vita- 

stly min Bs is present. Both organisms grow in media lacking these amino acids if in- 

tom cubation is extended to 40 hours and if sufficient vitamin Bs is present. Carbon 
ot}. 


dioxide is simultaneously required by L. arabinosus (38). 
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cerning the essential nature of certain amino acids for various lactic acid 
bacteria (cf. (88, 39)). The utility of various keto and hydroxy acids as 
substitutes for their corresponding amino acids also varies tremendously, 
depending upon the vitamin Bs content of the medium. } 
Experiments with Resting and Dried Cells of S. faecalis—The specific 
requirement for vitamin Bg for utilization of the keto acids suggests that 
conversion of these to the amino acids proceeds via transamination. Such 





WITH VITAMIN Bg | WITHOUT 


PHENYLALANINE Rf .56 ™) a 
o 2 

ALANINE RF .34 pele igs: 

GLUTAMIC ACID RF .08 eevee. 











BST 




















CELLS - —-/[+ + + +]+ + 
GLUTAMIC ACID + +/+ -—- + +/+ + 
PHENYLPYRUVIC ACID | + +]—- + + +]+ + 
PHENYLALANINE e-em 
PYRIDOXAL PHOSPHATE] + +/+ + + i sg 





Fic. 2. The conversion of phenylpyruvic acid to phenylalanine by dried cells 
of S. faecalis. The components of the reaction mixtures were as follows: cells, 
40 mg.; glutamic acid (0.1 m), 0.75 ml.; phenylpyruvic acid (0.1 m), 0.75 ml.; phenyl- 
alanine (0.075 m), 0.1 ml.; calcium pyridoxal phosphate (1 mg. per ml.), 0.1 ml.; 
phosphate buffer (0.1 m, pH 8.0), 1.3 ml.; water to 3.0 ml. Deletions from this mix- 
ture as indicated in the diagram. Incubation was at 37° for 1 hour. 


transformations were readily demonstrated with dried cells of S. faecalis 
by techniques similar to those by which others (40, 41) have demonstrated 
occurrence of transaminations other than the glutamic-aspartic and glu- 
tamic-alanine reactions. For this purpose, 3 liter lots of S. faecalis were 
grown for 15 hours in the synthetic medium described earlier, but with 
glucose decreased to 0.5 per cent and either free of vitamin Bg or supple- 
mented with 1.67 y of pyridoxamine per ml. The cells were harvested and 
dried essentially as described by Lichstein et al. (8). Reactions were car- 
ried out in test-tubes. After equilibrating the phosphate buffer, sub- 
strates, etc. (see Fig. 2), for 10 minutes at 37°, the cells were added as a 
dry powder and incubation was continued for 1 hour. The reaction was 
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acid | stopped by adding 0.5 ml. of 20 per cent trichloroacetic acid. After stand- 
Sas | ing overnight at 4°, the precipitated material was filtered, and the filtrate 
isly, extracted with four successive portions of ether, the pH being maintained 
| at 1.5 to 2 by appropriate additions of hydrochloric acid. The acid aque- 
cific | ous layer was concentrated in vacuo to one-fifth its initial volume. Alli- 
that  quots (0.02 ml.) of each reaction mixture were spotted on paper and the 
such | chromatograms developed by the ascending technique with a mixture of 
| pyridine-water (80:20). Amino acids were detected in the usual way with 
ninhydrin. 


TABLE V 


Dehydrogenation of a-Hydroxy Acids by Resting Cells of S. faecalis 
Additions per tube as follows: 1 ml. of 0.000267 m methylene blue; 2 ml. of 0.067 
m phosphate buffer, pH 7.0; 2 ml. of 0.02 m substrate or 2 ml. of water; 1 ml. of cell 
suspension (equivalent to 5 mg. of dry cells). The reduction times were estimated 
by comparison to standards containing heat-inactivated cells and suitably diluted 
methylene blue. The tubes containing substrate and heated cells showed no re- 
duction of methylene blue at 180 minutes. 























Reduction time for methylene 
blue 
Substrate Pree 
“reduction | reduction | 
_— ws min. min. 
1s 13) | Coa ese Memrerieees tar eriter ee Oren Monier ern ce paMad Ae t 91 137 
a-Hydroxyisocaproic acid.................. 62 110 | - 
@EHYOTOXVISOVGIONIO “oo noes oe ee wh es 22 31 | + 
a-Hydroxy-8-methylvaleric acid. ........... 10 15 | a= 
cells }| 8-4(5)-Imidazolelactic acid................. 85 145 - 
cells, | B-Phenyllactic acid... ............0.c00cee- 83 124 - 
enyl- 
ml.; * Cf. Table III. 
mix- 
A tracing of a representative chromatogram showing the synthesis of 
_ | phenylalanine from phenylpyruvic acid is presented in Fig. 2. Appropri- 
calis | ate controls showed that the conversion did not occur in the absence of 
ated cells, of phenylpyruvic acid, or of glutamic acid; phenylalanine did appear 
glu- | when cells, glutamic acid, and phenylpyruvic acid were incubated together 
were | under suitable conditions. Cells grown with pyridoxamine carried out the 
with | conversion in the absence of added pyridoxal phosphate; cells grown with- 
ple- | out the vitamin carried out the conversion only when pyridoxal phosphate 
and | was added. The synthesis of valine, isoleucine, and leucine from the cor- 
car- | responding keto acids by dried cells was demonstrated in parallel experi- 
sub- | ments. In each case, omission of glutamic acid prevented the conversion, 
as & | which occurred only (a) when the cells were grown with pyridoxamine, or 
was 
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(b) when cells grown without pyridoxamine were supplemented with pyri- | 
doxal phosphate. 

Vitamin Be-dependent transaminases, active in converting each of these 
utilizable keto acids to the corresponding amino acids, thus exist within | 
these cells. The growth data indicate that only through their functioning 
can the keto acids be used in place of amino acids in this organism. Vita- 
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Fig. 3. (A) The response of L. arabinosus to isoleucine, or the corresponding 
keto and hydroxy acids in the presence and absence of vitamin Bs. Curve 1, DL- 
isoleucine; Curve 2, a-keto-8-methylvaleric acid; Curve 3, pL-a-hydroxy-8-methyl- 
valeric acid; (a) with 10 y pyridoxamine; (6) no pyridoxamine. Incubated at 30° 
for 24 hours. Dash line, level at which comparisons of Table VI with isoleucine 
were made. (B) The response of L. arabinosus to pyridoxamine in the presence and 
absence of isoleucine or the corresponding keto and hydroxy acids. Curve 1, 10007 
of pt-isoleucine; Curve 2, 1000 y of a-keto-8-methylvaleric acid; Curve 3, 1000 y of 
pL-a-hydroxy-6-methylvaleric acid; Curve 4, no additions to the isoleucine and 
vitamin Be-deficient medium. Incubated at 30° for 21 hours. 


min Bg is required for growth with keto acids to supply the coenzyme es- 


sential for each of these transamination reactions. 


Utilization of hydroxy acids also requires vitamin Bs. It appeared rea- | 


sonable on a priori grounds to assume that such utilization proceeded via 
dehydrogenation to the keto acid, followed by transamination. To check 
this assumption, cells of S. faecalis grown for 18 hours in the vitamin Br 
free synthetic medium were centrifuged, washed four times with cold saline, 
then resuspended in water at a concentration equivalent to 5 mg. of dried 
cells per ml. The capacity of such cells to dehydrogenate various hydroxy 
acids was tested as described elsewhere (42), with the results shown in 
Table V. Both hydroxy acids which replace the corresponding amino 
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acids for growth were rapidly dehydrogenated, while those which do not 
support growth were dehydrogenated only very slowly or not at all. Such 
correlation strongly indicates that dehydrogenation is a prerequisite for 
growth-promoting activity. Since these dehydrogenations were accom- 
plished by cells grown without vitamin Be, the vitamin Bs required for 
utilization of hydroxy acids would appear to function at a step subsequent 


TaBLeE VI 


Comparative Activities of Amino Acids and Corresponding Keto and Hydroxy 
Acids in Promoting Growth of L. arabinosus in Presence and Absence 
of Vitamin Bs 


| 
Amino acid a-Keto acid a-Hydroxy acid 








: 4 Vitamin] Vitamin 
Acid corresponding to B 


7 . Vitamin Be Vitamin Be Vitamin Be Vitamin Be 
* 
ahaent present absent present absent present 























Amount required for equivalent amounts of growth,t y per 6 ml. 

pi-Isoleucine......... | 62 45 | —(2,000)t 45 | —(2,000)t 100 
TAHOUCING .< .ccis os. ho | 55 20 | — (2,000) 50 | — (5,000) 50 
pi-Phenylalanine..... | 17 5 130 7 500 7 
L-Iryptophan........ | 1 1 12 10 6 1 
Ie DVEORINO so ccc «vine: | 20 10 1,000 35 | — (1,000) 10 
p-Valine............ | 25| 20| —(,000) 38 | — (5,000) 240 
u-Glutamic acid......| 220} 110 | —(10,000) |— (10,000)} — (5,000) | — (5,000) 

: “ §.....) 200} 125 | — (10,000) 2,500 | — (5,000) | — (5,000) 
pi-Aspartic “ ||.... | 350 | 150 — (25,000) |— (25,000) 








*10 y of pyridoxamine per 6 ml. 

+ Comparisons were made at the same growth level for each member of an amino, 
keto, hydroxy acid trio; different amino acids are not necessarily compared at the 
same level of growth (see the text). Incubated 20 to 24 hours at 30°. 

{ Indicates that no growth was supported by amounts up to the highest level 
tested, as indicated in the parentheses. 

§ Incubation continued to 87 hours at 30°. 

|| Biotin was omitted and 120 y of oleic acid and 6 mg. of Tween 40 were added 
per tube. Under these conditions, aspartic acid is essential for this organism. 


to dehydrogenation, 7.e. in transamination. From the comparative activ- 
ities of-keto and hydroxy acids (Fig. 1, A and Table III) it becomes evi- 
dent that dehydrogenation is the growth-limiting reaction during utiliza- 
tion of the hydroxy acids; the greatly enhanced requirement for vitamin 
Bs observed under these conditions may reflect the greatly reduced rate 
at which keto acids are supplied to the cell by the dehydrogenation re- 
action. 

Growth Experiments with L. arabinosus—This organism grows slowly in 
otherwise complete media in the absence of both vitamin Bs, and p-alanine, 
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apparently by synthesizing the vitamin slowly (11). For this and othe 




















grow 
reasons, it is less suited than S. faecalis for demonstration of certain of the term 
relationships discussed above. Since vitamin Bg stimulates growth greatly of t] 
over short time intervals, and since the requirement for this vitamin can!  nece 
be enhanced by omission of various amino acids from the medium, many the; 
Tape VII for « 
Comparative Vitamin Be Requirements of L. arabinosus for Growth with The 
Amino, Keto, or Hydroxy Acids S. fe 
re oe forn 
i Addition to appropriate deficient basal medium } nth 
Acid corresponding to None | Amino acid | Keto acid (Hydroxy acid | 
| Pyridoxamine required for half maximum growth, 
mygm. per 6 ml. 
[OCS CS — (10,000)t | 0.5 | 10 18 
Leucine............ petoeetn ais | — (0,000) | 09 | 2.3 5.0 | 
Phenylalanine... 620-6200 05¢.045 ; —(10,000) | 0.4 0.8 0.8 
fn re | —(10,000) | 0.2 | § 0.5 | 
MM IDO hit ox Se ine soho Sae ae —(10,000) | 0.4 0.6 0.8 
ENNIO Yat ssc sata sess ch steps acy Bets —(10,000) | 0.6 | Seal) 287 
* The single amino acid under investigation and vitamin Bs, were omitted from pL-P 
the basal medium; supplements were then added as indicated. Leucine, trypto- u-Ty 
phan, and the corresponding keto and hydroxy acids were added at levels of 500 7 L-Tr 
per 6 ml.; the remaining compounds added at 1000 y per 6 ml. = 
t+ Determined from dose-response curves similar to those of Fig. 3, B. sc 
t Indicates that levels up to 10,000 mugm., the highest tested, did not permit teste 
half maximum growth during the incubation period used (20 to 24 hours at 30°), acid. 
As indicated in the text, growth less than half maximum occurred in the absence of the | 
vitamin Bs when all amino acids were present (cf. Fig. 3, B and Table VI) during doxa 
this incubation time. t 
§ No figure for the vitamin Bs requirement is given, since indolepyruvic acid, at iF 
the concentration used, exhibited toxicity which prevented attainment of half maxi- : 
mum growth. since 
of t 
of the same relationships discussed above can none the less be demon} yyy 
strated. zati 
Data similar to those of Fig. 1, but obtained with L. arabinosus and com- grea 
pounds related to isoleucine, are shown in Fig. 3. Again, substantial) \po 
growth occurs in the absence of vitamin Bg with isoleucine but not with ing 
the corresponding keto or hydroxy acid. When vitamin Bg is present, the hyd 
total growth obtained during this shortened incubation time is greatly} joy ‘ 
increased, and both the keto and hydroxy acids show growth-promoting} gn, 
activity. As with S. faecalis (Fig. 1, B), the vitamin Bs requirement for} ¢, 44 
growth with the hydroxy acid is higher than for growth with the keto acid\} |g ot 
the latter in turn is far greater than that necessary for the same amount di] qog, 
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growth with the amino acid. Comparative activities for other acids, de- 
termined as in Fig. 3, A, are expressed in Table VI in terms of the amount 
of the compound necessary to permit equivalent low levels of growth (of 
necessity somewhat below the maximum permitted by the amino acid in 
the absence of vitamin Be), as indicated for isoleucine in Fig. 3, A. Data 
for other acids corresponding to those of Fig. 3, B are given in Table VII. 
The major points of difference between the behavior of L. arabinosus and 
S. faecalis lie in the much greater number of hydroxy acids utilized by the 
former, and in the fact that certain keto and hydroxy acids show activity 
in the absence of vitamin Bz (Table VI). The latter fact is not unexpected, 


TaBLe VIII 


Activity of Amino, Keto, and Hydroxy Acids for L. mesenteroides and Its 
Dependence on Vitamin Be 








Amino acid | Keto acid Hydroxy acid 
| Vitamin Vitamin! er Vitamin, y;,.- : . 
Acid corresponding to* | Be — Be — | pees 
| absent presentt present Die 





Amount required for half maximum growth, y per 6 ml. 





pL-Phenylalanine...... opel BO 1) coe — (2000)¢ | 115 | — (2000) 550 
BAP V NORIO! pd aus oe | 20 20 | —(2000) | 1700 | — (2000) | — (2000) 
L-Tryptophan........ re tgs: 5 — (2000) 150 _ — (2000) | — (2000) 





* Other amino acids for which the corresponding keto and hydroxy acids were 
tested included isoleucine, leucine, valine, histidine, glutamic acid, and aspartic 
acid. In each case, the amino acid permitted growth in the absence of vitamin Bg; 
the keto and hydroxy acids were inactive both in the presence and absence of pyri- 
doxal. Incubated 20 to 24 hours at 30°. 

7 10 y of pyridoxal per 6 ml. 

t Indicates no growth at the highest level tested, as given in the parentheses. 


since L. arabinosus synthesizes small amounts of vitamin Be (11); the rdéle 
of this vitamin in utilization of the keto and hydroxy acids is reflected 
unmistakably even in these cases by the much greater efficiency of utili- 
zation exhibited in the presence of pyridoxamine (Table VI) and in the 
greater magnitude of the vitamin Be requirement for half maximum growth 
when these keto and hydroxy acids are supplied instead of the correspond- 
ing amino acids (Table VII). Not only does L. arabinosus utilize more 
hydroxy acids than does S. faecalis, but the hydroxy acids approach the 
keto acids much more nearly in activity. Both facts indicate the pres- 
ence of more active dehydrogenase systems in the former organism. The 
fact that, in the presence of vitamin Be, indolelactic and p-hydroxyphenyl- 
lactic acids surpass the corresponding keto acids in activity (Table VI) 
does not necessarily argue against participation of the keto acids as inter- 
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mediates in the transformation of the hydroxy acids to amino acids, since 
non-specific side reactions (both in vivo and in vitro) might occur when 
relatively large amounts of the keto acids are supplied preformed that do 
not occur to the same extent when the keto acids are supplied slowly and 
continuously at low levels by the dehydrogenating enzymes of the cell.) 

Growth Experiments with L. mesenterotides—Of the three organisms stud- 
ied, this was by far the most fastidious. Only four of the keto and hy- 
droxy acids tested (phenylpyruvic, phenyllactic, p-hydroxyphenylpyruvic, 
and indolepyruvic acids) were active, and these only in the presence of 
added vitamin Bs (Table VIII). In the single case in which both keto 
and hydroxy acids were employed, the vitamin Bs requirement was higher 


TaBLE IX 


Comparative Vitamin Be Requirements of L. mesenteroides for Growth with 
Amino, Keto, or Hydroxy Acids 





Additions to appropriate deficient basal medium* 





Acid corresponding to None | Amino acid | Keto acid | Hydroxy acid 





Pyridoxal required for half maximum growth, mygm. per 6 ml. 











Phenylalanine: .........0.6.606..4% — (10 ,000)f 0 0.8 3.3 
TUS/ 2 0 CCCS e ne  g — (10,000) 0 5000 — (10,000) 
PV IVC ORAM 556555, 0.ce0 tases a — (10,000) 0 0.8 — (10,000) 


| 





* The single amino acid under investigation and vitamin Bs were omitted from 
the basal medium, and supplements added as indicated. Phenylalanine, tyrosine, 
and the corresponding keto and hydroxy acids were added at levels of 2000 y per 6 
ml.; tryptophan and its congeners at 500 y per ml. Incubated 20 to 24 hours at 30°. 
{ Indicates no growth at the highest level tested, as given in the parentheses. 


for utilization of the hydroxy acid (Table IX). Thus, results of study of 
this organism are fully in accord with those obtained with S. faecalis and 
L. arabinosus. 


DISCUSSION 


Because S. faecalis specifically required vitamin Bg for growth with imi- 
dazolepyruvic acid in place of histidine, Broquist and Snell (5) suggested 
in 1949 that the keto acid was transformed to histidine by transamination, 
and that this implied far wider significance for the transamination reaction 
than had been indicated by enzymatic studies. The occurrence of trans- 
aminating enzymes other than the glutamic-aspartic and glutamic-alanine 

3 As added evidence that keto acids lie between the hydroxy acids and the amino 


acids, note that all organisms that utilize phenyllactic acid also utilize phenylpyruvic 
acid, whereas the converse is not true. 
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systems has since been demonstrated in both animal tissues (40, 43) and 
Escherichia coli (41). 

All of the data of this paper indicate strongly that utilization of hydroxy 
and keto acids in place of the corresponding essential amino acids by lactic 
acid bacteria occurs via routes (A) and (B) of the following diagram. 








a-Hydroxy acids woe egention a-keto acids 
transamination 
(B) | 
L 


a-amino acids 


[hus S. faecalis utilizes for growth only those hydroxy acids that are read- 
ily dehydrogenated by resting cells, and vitamin Bs-dependent transam- 
inases, acting upon a number of the keto acids utilized for growth, are 
readily demonstrable in dried cell preparations. The necessary participa- 
tion of the latter enzymes in the conversion of keto to amino acids is indi- 
cated by the fact that growth with keto or hydroxy acids takes place only 
when vitamin Bg is added, whereas growth with the corresponding amino 
acid occurs in the absence of vitamin Bs. These same facts indicate that 
transamination provides the only route available in this organism for utili- 
zation of keto acids. 

Both the dehydrogenases and apotransaminases demonstrated in S. fae- 
calis are constitutive enzymes, since they were present in cells grown in 
the absence of vitamin Bg and in the presence of a complete assortment 
of amino acids; 7.e., under conditions such that they appear to fulfill no 
essential function for growth. Their presence under these conditions sug- 
gests that these hydroxy and keto acids may serve as normal intermediates 
in biosynthesis of the amino acids. It should be recalled at this point 
that not only do these organisms require vitamin Bg for utilization of hy- 
droxy and keto acids corresponding to the various essential amino acids, 
as shown herein, but enhanced amounts of the vitamin are also necessary 
to permit growth in the absence of each of the various ‘‘non-essential”’ 
amino acids thus far examined (38, 44). Transamination reactions are 
probably of importance in many of these cases, as well. 

As usually formulated, formation of tryptophan from indole and serine 
(a vitamin Be-dependent reaction (45)) does not proceed through indole- 
pyruvic acid. The vitamin Be-dependent utilization of the keto acid in 
place of tryptophan by S. faecalis and L. mesenteroides, neither of which 
can utilize indole in place of tryptophan (46), suggests reexamination of 
the keto acid as a possible intermediate in the reaction. Because of the 
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toxic effects of this keto acid at high concentrations, heavy growth could 
not be obtained with it; its activity at low concentrations, however, is 
unmistakable. 

The failure of ketoglutaric or oxalacetic acids to show growth activity 
in place of glutamic or aspartic acid for S. faecalis is somewhat surprising, 
since this organism is known to contain the glutamic-aspartic transaminase 
(8). However, much evidence indicates that living cells are relatively im- 
permeable to ketoglutaric acid (47), and the low, vitamin Be-dependent 
activity of this keto acid for L. arabinosus, following longer incubation 
periods (Table VI and Hac et al. (48)), indicates that this is the explana- 
tion for its inactivity. The instability of oxalacetic acid is such that re- 
sults with this acid are inconclusive. 

Separate experiments, not tabulated, have shown that except for slight 
quantitative shifts, usually in the direction of greater activity for the less 
active supplements, the general relationships presented herein are un- 
changed by longer incubation times. 


SUMMARY 


a-Hydroxy and a-keto acids corresponding to many of the essential 


amino acids for Streptococcus faecalis, Lactobacillus arabinosus, and Leu- | 
conostoc mesenteroides were synthesized and tested for their ability to pro- | 
mote growth in place of the amino acids in media containing various levels | 


of vitamin Bs. Under the conditions used, the amino acids promoted 
growth in the absence of vitamin Bs. With few exceptions, none of the 
hydroxy or keto acids did so; each of the exceptions noted was with L. 
arabinosus, an organism that slowly synthesizes this vitamin. 

In the presence of excess vitamin Be, most of the hydroxy and keto acids 
supported growth of L. arabinosus. : S. faecalis utilized several keto acids 
but only two hydroxy acids. L. mesenteroides, the most specific of the 
organisms tested, utilized only three of the keto acids and one of the hy- 
droxy acids. In general, considerably higher levels of vitamin Bs were 
required to permit utilization of the hydroxy acids than were required for 


utilization of the corresponding keto acids. Tremendous variations (from | 


0 to over 0.5 y per 6 ml.) in the vitamin Bs requirement for growth of these 
organisms may be observed, depending upon the way in which the amino 
acid requirements are met. 

Resting cells of S. faecalis dehydrogenated only those hydroxy acids 
which the organism utilized for growth. Vitamin Bs-dependent transami- 
nases that converted several of the keto acids utilized for growth to the 
amino acids were found in dried cells of the organism. It was concluded 
that utilization of hydroxy acids proceeds via dehydrogenation to the keto 
acid, followed by transamination to the amino acid. Only the latter re- 
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action requires vitamin Bs. The specific requirement for vitamin Be for 
growth with each of the keto and hydroxy acids tested indicates that 
transamination reactions furnish the only route for transformation of keto 
acids to amino acids within the growing organisms. 
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s and PHOSPHATASES OF THE LIVER 
II. THE SO CALLED ADENOSINETRIPHOSPHATASES* 


1946). By MARJORIE A. SWANSON 


(From the Department of Biochemistry, Bowman Gray School of Medicine, Wake Forest 


9). College, Winston-Salem, North Carolina) 


45). 
(Received for publication, March 1, 1951) 


Because the liver carries out such a large number of important syntheses, 
it seems very desirabie to study the synthetic processes of this organ in 
vitro. However, there is considerable uncertainty in such studies because 
of the “notorious liver phosphatases,’ which presumably could interfere 
with syntheses by breaking down ATP! or any phosphorylated interme- 
diates. In order to ascertain, if possible, the extent and rates of such op- 
) posing reactions, a systematic investigation on the phosphatases of the 
| _ liver has been undertaken. In a preliminary survey with a group of some 

fifteen naturally occurring phosphate esters it was found that only the 
hexose monophosphates, adenine-5-nucleotides, phenyl phosphate, and in- 
organic polyphosphates were hydrolyzed by fresh liver, at pH 6 to 8, at 
a significantly high rate. It has already been shown that the hexose phos- 
phates are split only after being transformed to glucose-6-phosphate (1, 2). 
A study of the very great activity toward ATP is the subject of the present 
investigation. 

For many years it has been known that many tissues split phosphate 
from ATP, but the specificity of the enzymes responsible for the reaction 
remains in doubt, except perhaps for those in the muscle. There is much 
evidence that the enzyme associated with the contractile proteins of muscle 

} is a true ATPase in the sense of splitting off only one of the energy-rich 
phosphate groups. Recently, Kielley and Meyerhof (3) described a sol- 
uble, magnesium-activated ATPase from muscle, which likewise splits off 
only one phosphate. Binkley and Olson (4) suggest that this enzyme 
originates in the nervous elements of the muscle, and that it is identical 


* Part of these data have been presented in preliminary reports to the American 
Society of Biological Chemists, Atlantic City, April, 1950, and to the Eighteenth 
International Physiological Congress, Copenhagen, August, 1950. 

1 In order to save space, the following abbreviations will be used: ATP adenosine- 
triphosphate, ADP adenosinediphosphate, A-5-MP muscle adenylic acid, A-3-MP 
yeast adenylic acid, Rib-5-P ribose-5-phosphate, HDP fructose 1,6-diphosphate, 
G-6-P glucose-6-phosphate, Gly-P glycerol phosphate, Phenyl-P phenyl phosphate, 
Pyro-P pyrophosphate, Tri-P-P tripolyphosphate (NasP;0i0 with pyrophosphate 
linkages between the phosphorus atoms), DPN diphosphopyridine nucleotide, TCA 
trichloroacetic acid. 
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with a “Pyro-Pase” which they have isolated from brain.2 This Pyro- 
Pase splits only Pyro-P and ATP, and is completely dependent on the 
presence of magnesium ions for activity. Pyro-Pases requiring magne- 
sium have also been described in liver, erythrocytes, yeasts, and other 
tissues. Since the Pyro-Pases occur along with “ATPase,” it is not easy 
to decide whether or not the two activities are due to the same protein. 
However, yeast Pyro-Pase, which has been obtained by Bailey and Webb 
(5), did not split ATP, so that at least in this case the two activities are 
not inseparable. 

There has been a tendency to think of ATPases as requiring calcium 
ions, probably because the calcium activation of myosin is so well known. 
However, Bailey (6) has found that liver ATPase was much more strongly 
activated by magnesium, and he concluded from this that the enzyme 
from the liver was different from that of the muscle. The widely used 
method of DuBois and Potter (7) utilizes calcium as the activator of 
ATPase, in spite of the fact that their results show that magnesium was 
much more effective, at least in the liver. It might be pointed out that 
what is measured as ATPase may really be an artifact, as discussed by 
DuBois and Potter (7). The actual reactions may consist of energy- 
transferring reactions between ATP and the protein, or some other specific 
acceptor, analogous to those postulated for the muscle proteins. If such 
a concept represents the true situation, then it should be possible to find 
a large number of enzymes having ATPase activity in an organ like the 
liver, where so many different metabolic processes occur. 


EXPERIMENTAL 


In the present investigation a survey of the ‘phosphatases’ active at 
neutral pH was made; then the effect of calcium and magnesium ion on 
the detectable activities was studied. Following this, the proteins were 
fractionated and a specific ATPase obtained in partially purified form. 

Materials—ATP (a) Schwarz, free acid, said to “have been generated 
by a yeast fermentation process.” ATP (b) Sigma, barium salt, of animal 
origin. ATP (c) prepared by the author from rabbit muscle by a modi- 
fication of Lohmann’s method, stored as the barium salt. 

A-5-MP, two samples, one each from Schwarz and Sigma. 

A-3-MP, guanylic and cytidylic acids, Schwarz. 

B-Gly-P and Phenyl-P, sodium salts, Eastman Kodak. 

Pyro-P and Tri-P-P, sodium salts, courtesy of Monsanto Chemical Com- 
pany. 

2 An enzymatic activity will be represented by the name of the substrate followed 


by ‘‘ase,”’ although ATPase is to be considered figuratively until the mechanism is 
wholly known. 
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i HDP, Schwarz, purified through the acid barium salt according to Neu- 
the berg et al. (8). 
cal Rib-5-P, prepared by the acid hydrolysis of ATP, followed by the iso- 


ther + Jstion and purification of the ethanol-insoluble barium salt. 

ead The animals used were healthy, adult albino rats maintained on the 
‘©. Rockland rat diet (complete). They were not fasted, and were sacrificed 
‘ebb | by decapitation. Homogenates were prepared in a Potter-Elvehjem all- 
are | glass homogenizer. 

: | In the earlier experiments, 0.1 M maleate buffer was used at pH 7.4, 
tum" and a series of lactate, acetate, maleate, and barbiturate buffers to cover 
Wh. "the range between pH 3 to 10. Later, an equimolecular mixture of ace- 
agly | tate, maleate, and glycine (to be referred to as AMG buffer), 0.1 m with 
yme respect to each constituent, was employed, so that values between pH 4 
ised and 10 could be covered with no changes in the materials present. At 
r of pH 7.4 there was no difference in the enzymatic activities observed, whether 
al } the simple or the mixed buffer was used. 

rat 


| Method—The test system was similar to that used for study of glucose- 
| by 6-phosphatase (2). Except for the volumes employed, this method re- 
"SY-  sembles that of DuBois and Potter (7). 0.1 ml. of substrate (freed of 
cifie | Bat+ and brought to the desired pH), 0.1 ml. of the metallic ion solution 
such (as acetate or chloride, brought to the desired pH), and 0.1 ml. of buffer 
find (0.2 ml. of buffer when the metallic ion was omitted) were mixed in a con- 
the | ical, calibrated 15 ml. centrifuge tube and allowed to come to 37° in the 
water bath. The reaction was started by adding 0.1 ml. of enzyme so- 
lution, and after 15 minutes was stopped with 1.0 ml. of 10 per cent TCA. 
After a few minutes in ice, the volume was adjusted to 2.5 ml. with water. 
After centrifuging at 2000 r.p.m. for 5 minutes, an aliquot of the super- 
natant was taken and the inorganic phosphate determined (9). Usually 
1.0 ml. aliquots were taken and the final volume was 10 ml.; however, 
when the amount of phosphate liberated was very small, 2.0 ml. were 
taken and the final volume was 5.0 ml. The samples were read in a Klett- 
Summerson photoelectric colorimeter with a No. 66 filter. In the experi- 
ments in which Pyro-P was the substrate, its concentration at the time 
of color development was less than 10-4 mM. This concentration is far 
| below that which diminishes the amount of color with the method of Fiske 
and Subbarow as found by Naganna and Narayana menon (10). 

Proteins were determined on the TCA precipitate by a quantitative 
modification of the xanthoproteic reaction (11), standardized against egg 
albumin. The color depends mainly on the amounts of tyrosine and tryp- 

owed _ tophan present, and it was thought that the proportions of these amino 
sm 18 | acids would not vary greatly in the relatively crude fractions which were 
separated. 
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Results 


Action of Fresh Homogenate on Various Substrates—A typical experiment 
of the survey series is shown in Table I. It can be seen that there 
significant activity against all the substrates used except A-3-MP. Gu: 
nylic and cytidylic acids and a- and B-Gly-P were omitted for the sake ¢ 
brevity. They are split at an even lower rate than A-3-MP. Glucow 
6-phosphatase is not very active’ at this pH. Cat* stimulates the splittin 
of only ADP and ATP, while Mg** increases the rate of splitting they 
substrates and also that of the inorganic polyphosphates. There is littl 
evidence of “non-specific” phosphatase at this pH, even in the presence 


TaBLeE I 
Rate of Splitting Various Phosphate Compounds by Fresh Rat Liver Homogenate 


AMG buffer, pH 7.4; temperature 37°; time 15 minutes. The values are given a 
micrograms of P per mg. of moist tissue. Added ions, 0.005 m final concentration 








Substrate Final concentration Control With Ca** With Mgt } 
M 
RETIN 55s esarscaidieis 200s 0.005 4.3 4.0 5.1 
Lh 0) Rae eae 0.005 2.0 3.9 6.7 
ACE) (7) a re 0.004 3.8 11.6 27.9 
LEC 3 ae a a a ee 0.006 2.1 3.1 20.0 
Soe eee Rilevaciate 0.0012 0.9 0.9 24.1 
SUT £2 Cle 0.005 3.7 3.4 6.4 
ee Ae ee ree 0.001 0.9 0.5 5.7 
PRON VIER «6.6 Sic ces oes 0.006 4.1 5.4 4.5 
TNS) 14 [SS a 0.006 0.9 0.9 0.9 
EIDE 2 FeAcl <oarde-e itis rss 0.007 2.7 
Res td ss Aicls oreays fee 0.012 3.1 

















of Mgt, which is usually said to be activating for these enzymes. It 


can be seen that the effect of Mgt* on the rates of splitting A-5-MP and| 


ADP is not nearly great enough to account for the increase in the ATPase 
activity. It was thought to be of interest to compare the results obtained 
with the liver with those obtained under similar conditions with fresh 
kidney homogenate (Table II). In this tissue, the splitting of ATP is 
the only reaction markedly accelerated by Mgt+ and Cat+; again the 
Mg?" is more effective than Cat*+. The kidney Pyro-Pase is only little 
affected by Mgt’, in contrast to the marked effect observed in the liver 

In order to get an approximate idea of the stability of the enzymes, : 
10 per cent homogenate of liver in ice-cold distilled water was prepared 
as rapidly as possible and stored in an ice bath. At intervals a sample 


3 When fresh liver homogenate is incubated with 0.025 m G-6-P at pH 6.6, 7 7 0 
P are liberated in 15 minutes at 37° per mg. of tissue. 
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was removed, diluted 1:10 with water, and tested immediately. The re- 
sults are shown in Fig. 1, from which it appears that about one-third of 
the Mgt+-activated ATPase is lost in the first 4 hours. There is appar- 
ently no loss of A-5-MPase (5-nucleotidase of Reis (12)) or of the Cat*- 
activated ATPase during the Ist day. They were not followed any longer 
than this. 


TaB_e II 
Rate of Splitting Various Phosphate Compounds by Fresh Rat Kidney Homogenate 
Conditions as in Table I. 



































Substrate Final concentration Control With Cat+ With Mgt* 
so | Bi 7 ¥ 
MEO. ogee 0.006 5.2 | 5.2 5.2 
(UU 2) ee eee rr area 0.004 6.7 18.2 27.5 
BYP ty ee ag aword oes 0.006 4.4 4.8 5.1 
i BSA he eerie? 0.0012 3.0 1.7 6.8 

Bish leb ts oon ee 0.006 3.5 3.5 2.8 
IROOM coco ate scarce on 0.006 | 0.0 0.0 0.0 
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LOG TIME IN MINUTES 


Fic. 1. Enzymatic activities measured at various times after preparation of homo- 
genate. All activities tested in AMG buffer, pH 7.4, 15 minutes, 37°. Metallic ion 
0.005 m when added. gg Pyro-P + Mgt*; O ATP + Mgt; A ATP + Ca**; X 
A-5-MP + Mg++; @ ATP; no added ions. 


Difficulties in Measurement of ATPase—It seems only fair to mention 
that the measurement of ATPase is not always a simple matter. In our 
earliest experiments, two samples of ATP were used interchangeably, and 
it was soon discovered that the results did not agree. A third sample 
was obtained, and the results with ATP (b) and ATP (c) were consistent 
with each other and with those of DuBois and Potter (7). However, 
when ATP (a) was the substrate, no activation with Mgt*+ was observed, 
and Ca*+ caused as much as 80 per cent inhibition. Recently, Rosenthal 
et al. reported similar differences, of smaller magnitude, between two sam- 
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ples of ATP (13). A further investigation of the differences between the 
various samples is in progress.* Meanwhile, all the results obtained with 
ATP (a) are omitted from this report. 

Because of the very considerable activation of Pyro-Pase by Mg**, it | 
was necessary to use an ATP preparation which contained only minimal 
amounts of inorganic Pyro-P as contaminant. The ATP solutions made 
up for use as substrate were analyzed by the method of Jones (16) as de- | 
scribed by Lehninger and Smith (17). 0.5 ml. samples were brought to 
2.5 ml. with water, then 2.5 ml. of 0.1 M acetate, pH 4.1, 0.25 ml. of 10 per | 
cent MnCl, and 0.35 ml. of acetone were added, and the solutions allowed } 
to stand at room temperature overnight. The precipitates were centri- 
fuged and washed once with 2.0 ml. of water-buffer-acetone solution of 
the same composition as the precipitating solution. The precipitates were 














Tas_e III 
Analysis of Various Substrates for Pyrophosphate Content 
Conditions explained in the text. Values reported as micrograms of P in 0.1 ml. 
' Mn* ppt. 
r in. T 
Inorganic P ho onsatend P 15 min. . 
hydrolysis Incinerated 

M4 |) re 26.3 100.2 179.7 0.74 

2\1 Uta GC) re 53.2 100.8 189.3 18.3 21.3 
Lt 5 en er 2.5 170.0 190.0 141.5 164.8 
JUS 2d aor 3.6 248.0 256.0 23.0 24.8 




















taken up in 5.0 ml. of 1 N H,SO,, hydrolyzed 15 minutes in boiling water, 
and aliquots taken for determination of inorganic phosphate. Smaller 
samples of the original substrate solution were taken for determination 
of inorganic, easily hydrolyzable, and total P. The values for the easily 
hydrolyzable and total P have been corrected by subtracting the amount 
of inorganic P originally present. In Table III are given the micrograms 
of each fraction of the phosphate in 0.1 ml. of the substrate. It can be 
seen that the amount of Pyro-P in 0.1 ml. of ATP (b) is far too small to 
account for the increased phosphate liberation in the presence of Mg**, 
while that in ATP (c) is not. Therefore, only the results obtained with 
ATP (b) are reported in this paper. 

Effect of Concentration of Activating Ion—Tissue homogenates, 10 per 


4 Recently Rowles and Stocken (14) have speculated on a metaphosphate form 
of ATP, in order to account for discrepancies encountered in the enzymatic assay 
of ATP. Such a compound was also postulated by Michelson and Todd (15) to ex- 
plain their failure to obtain a ‘‘branched’’ ATP by synthetic means. It is suggested 
that ATP (a) may have contained some such adenosinetrimetaphosphate. Experi- 
mental proof for such a compound is lacking. 
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M. A. SWANSON 583 
cent either in 0.15 m KCI or in distilled water, were made and stored in 
ice. Immediately before testing, a portion was diluted 1:10 with water. 
Some of the experiments were carried on consecutively with the same 
homogenate. Because of. the large number of samples required for one 
curve, this occasioned a delay of as much as 4 hours between the death of 
the rat and the commencement of an experiment. For this reason, the ab- 
solute values were not always the same, but the several individual curves 
all had similar characteristics. In Figs. 2 and 3 are presented the curves 
which are averages of several experiments comparable with respect to the 
time after the death of the animal. It can be seen that all the other ions 
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Fia@. 2 Fig. 3 
Fig. 2. Effect of different concentrations of Mgt* and Ca** on the rate of split- 
ting ATP by fresh homogenate. AMG buffer, pH 7.4, 15 minutes, 37°. @ Mg*; 
XCar". 
Fia. 3. Effect of different concentrations of Mn** and Co** on the rate of splitting 
ATP by fresh homogenate. Conditions as in Fig. 2. @ Mn*t+; X Cott. 


tested gave a greater activation than Catt, but that, at higher concen- 
trations, the extent of activation decreased. This confirms the results 
reported by DuBois and Potter (7). However, it should be noted that, 
if 0.1 m Mgt* had been the only concentration tested, one would still have 
observed a doubling of the activity, as compared to the control with no 
added Mgt+. Therefore, it seems incorrect to say that Mg** inhibits 
ATPase, as DuBois and Potter have said. 

On the basis of these results a standard assay system was adopted, which 
contained ATP (b) 0.004 m and Mg++ 0.005 M, final concentrations. With 
this system, we assayed numerous fresh homogenates over the course of 
a year and found excellent agreement between the levels of ATPase ac- 
tivity. With Mg++, direct proportionality between activity and tissue 
concentration is obtained only for the smaller amounts of tissue, as shown 
in Fig. 4. 
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Fractionation of Homogenate—Several attempts were made to study the 
distribution of the ATPase among the various tissue fractions which can 
be separated by differential centrifugation. The system of Hogeboom, 
Schneider, and Pallade (18), as modified by Kennedy and Lehninger (19), 
was employed. The results, which were summarized in a preliminary 
report (20), differed from those of Schneider (21) and those privately com- 
municated by several other authors. These contradictory results could 
be due in part to differences in the ATP samples and to differences in the 
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Fia. 4. Influence of tissue concentration on rate of splitting ATP by fresh homo- 
genate. AMG buffer, pH 7.4, 15 minutes, 37°; jj 0.005 Mg** final concentration; @ 
no added ions. 


activating ions used. It is also possible that changes occur in the distri- 
bution of some enzymes by the presence of salts in the homogenizing 
medium. At the present time, it is apparent that the whole problem 
could bear thorough reinvestigation, with determination of the optimal 
conditions for measuring the activity of each fraction. 

Chemical Fractionation—An ATPase splitting off only one phosphate 
could be obtained from homogenates of rat liver in 0.88 m sucrose after 
removal of cells and nuclei, followed by dialysis overnight in order to 
remove the sucrose. A quicker procedure involved starting with a 0.15 
KCl homogenate and removing cells, nuclei, and mitochohdria in one cen- 
trifugation. 0.1 volume of acetate buffer, 0.1 m, pH 5.2, was added to 
the supernatant solution. The pH of the solution becomes about 5.4 and 
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a bulky tan-colored precipitate separates, which can be collected by a 
short centrifugation (Fraction 1). To the second supernatant solution, 


0.5 volume of (NH4)2SO,, saturated at 0°, was added and the small pre- 


cipitate removed (Fraction 2). A few drops of concentrated NH; were 
added to bring the third supernatant solution to pH above 8; then an ad- 
ditional 0.5 volume of (NH4)2SO, was added, and the precipitate centri- 
fuged (Fraction 3). The fourth supernatant solution was then saturated 
with (NH,4)2SO, by the addition of solid salt. After this precipitate (Frac- 
tion 4) had been collected, the supernatant solution was discarded. All 
of the precipitates were taken up in 2 ml. of dilute (1:20) NH; and 5 to 
10 ml. of water, dialyzed several hours against running tap water, and 


TaBLe IV 
Activity of Various Fractions Separated from ‘‘Supernatant”’ of Liver 
Homogenate 
AMG buffer, pH 7.4; temperature 37°; time 15 minutes; Mgt* 0.005 m; final con- 
centration where indicated. Values given as micrograms of P per mg. of protein. 














Substrate (0.005 m) Fraction 1 Fraction 2 Fraction 3 Fraction 4 
RE BAIVER sc lerceve face eon es 8.1 4.3 4.9 0.0 
hs + Mgt* 8.7 4.3 6.9 0.0 
Rc tt St SEEPS ae see Sree Wid eee 6.2 8.0 2.5 0.7 
a eee 9.6 8.7 3.2 1.6 
PL IR ee: 8.2 9.8 10.9 0.5 
OE | NePNNIRES 21, Sx ic ch Serine 13.6 11.6 9.4 16.1 
BYEOSE: serrate iinet aneeeneoe ns 8.1 6.1 3.9 1.0 
a.  . Seeenelme 11.2 9.1 8.9 14.7 
A hs] 22] sea 8 eae PR Pe ere err 1.9 8.0 3.6 0.7 
a en 6.7 8.9 7.2 4.3 











finally overnight against a large volume of distilled water. Occasionally 
a small amount of precipitate formed during dialysis and this was cen- 
trifuged off and discarded. Each fraction was then assayed against sev- 
eral substrates. The results of a typical experiment are given in Table 
IV. According to de Duve,® the precipitate which forms at pH 5.2 con- 
sists of agglutinated microsomes; it has already been shown to contain 
much of the glucose-6-phosphatase of the liver (1, 2). This fractionation 
indicates that the A-5-MPase or 5-nucleotidase of Reis (12) is also asso- 
ciated with the microsomes to a large extent. 

It should be noted that Mg++ was not uniformly effective in stimulating 
the various fractions, which strongly suggests that the ATPases of the 
fractions are not identical with each other. Steinbach and Moog (22) 
postulated that the sensitivity of chick embryo ATPase to Ca** activation 


5 de Duve, C., private communication. 
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varied with the extent to which the enzyme is in true solution, the more 
soluble enzyme being the less activated. Here the situation is reversed, 
the more soluble enzyme being markedly activated by Mg++. Further 
study is obviously required, with each series of experiments including sep- 
arate assays with Ca++ and Mg**. Apparently for technical reasons, most 
authors who have studied the problem have omitted one or the other of 
the ions. 

Fraction 4 is usually red, giving a solution resembling dilute hemo- 
globin. However, the Pyro-Pase of this fraction is very much more active 
than that of the red cells, so that this activity cannot all be due to ery- 
throcyte Pyro-Pase. The ATPase of Fraction 4 slowly loses its activity 
when stored in ice, so that the solution becomes unusable after about 3 
days; freezing and thawing almost completely inactivate it. 


TaBLE V 
Time Course of Reaction between Precipitate 4 and ATP (b) 
AMG buffer, pH 7.4, Mg** 0.005 m. Temperature 37°. 








| 











Time Inorganic P | Remaining easily hydrolyzable P 
min. Y Y 

15 8.5 96.5 

30 11.8 93.2 

45 17.2 87.8 

60 17.0 88.0 

90 16.0 89.0 








A study of the course of the reaction over a prolonged time is shown in 
Table V. The reaction comes to a standstill after 45 minutes, despite the 
fact that the amount of phosphate liberated corresponds to only one- 
third of the terminal phosphate groups available. Such a severe limitation 
of the reaction is unusual and is one of the peculiarities which suggests 
that this is not primarily a hydrolytic system. If the reaction were a 
transferring reaction of some sort, then it could be postulated that the 
limitation is due to a lack of the specific acceptor. As an illustration of 
the possibilities to be considered, it should be pointed out that the system 
described by Kornberg (23) is probably present in Fraction 4. This en- 
zyme catalyzes the reaction 


ATP + nicotinamide mononucleotide = DPN + Pyro-P 
and, in the presence of a Pyro-Pase, it would appear to be an ATPase. 
When Fraction 4 was tested with varying concentrations of Mg**, it 
was found that the activity did not show any marked decrease at the 
higher concentrations of the ion (Fig. 5). This is quite different from the 
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results obtained with whole homogenate, and instead rather resembles the 
behavior of the purified brain Pyro-Pase of Binkley and Olson (4). Not 
only does Ca** not activate the ATPase, but, when it is added to the 
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Fig. 5. Effect of different concentrations of Mg** on partially purified ATPase. 
AMG buffer, pH 7.4, 15 minutes, 37°. 

Fic. 6. Effect of various concentrations of fluoride on partially purified ATPase. 
AMG buffer, pH 7.4, 15 minutes, 37°. X no added Mgtt; @ Mgt** 0.005 m. 


TaBLe VI 


Effect of Magnesium and Calcium on Activity of Fraction 4 


Values given as micrograms of P per mg. of protein; temperature 37°; time 15 
minutes; AMG buffer, 7.4. 




















ATP (6) Pyro-P Tri-P-P 

0.006 Mm 0.006 mu 0.006 M 

CTL) paella gee beaten ce eae ase ates ace a 1.7 0.0 2.4 
ee 15.0 21.1 4.9 
PONCE OMe esr Ros Stakes costs 15.0 49.2 24.2 
WMP OOD osc hn one Lg 0.0 1.0 
BU eer 1.7 | 0.0 3.6 
“ and Mg*+ (0.005 m each).. 1 | 0.0 3.6 








digest, the activation by Mgt* is prevented (Table VI). Ca** has a 
similar effect on the Pyro-Pases of both yeast (5) and brain (24). 

Fluoride is often used as an inhibitor of phosphatases and enzymes re- 
quiring Mg++. Varying concentrations of this ion were tested against 
Fraction 4, with the results shown in Fig. 6. The slight activity without 
Mg*+ is unaffected by F-, but the activation by Mg** is prevented. 
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| 
| 
DISCUSSION | 
Several years ago the idea that there were only a few phosphatases al 
rather low specificity was seemingly well established. However, more pe. | 
cent evidence, with which the present results agree, indicates not only | 
that there may be a distinct enzyme catalyzing each reaction, but als | 
that one tissue may have more than one enzyme catalyzing what is ap. 
parently the same reaction. Thus muscle has been shown to have two 
ATPases, and indications of a similar situation have now been obtained 
for rat liver. All of the enzymes of this kind which have been studied up 
to date require a divalent metallic ion as cofactor, magnesium and calcium 
being the most effective. When both these ions are present, they appear 
to antagonize each other. It is tempting to postulate that the rates of | 
the reactions may be controlled through variations in the Cat*+ to Mg* | 
ratio in the tissues. However, this must be considered as yet as merely 
a working hypothesis, since most investigations have involved tests with 
only 1 ion. 

The statement of DuBois and Potter (7) that Ca**, but not Mg**, is 
a specific ATPase activator is based on assumptions which can be shown | 
to be untenable. Mg** causes a 7- to 10-fold increase in ATPase activity 
without affecting in like proportion any other enzyme which might con- 
tribute to splitting ATP. The lessened effect of high concentrations of | 
Mg** should not be called “inhibition,” since the enzymatic activity | 
the presence of the highest concentration tried is still greater than the 
activity in the absence of added ions. Furthermore, one fraction has 
been separated which does not show this decline in activation by high 
concentrations of Mg**. 

One immediate application of the present findings is the indication of 
the necessity for using two separate assay systems if one wants to obtain 
a picture of the total ATPase activity of the tissues under various condi- 
tions. Using only a system containing Ca++ leads to ignoring about 60 
to 70 per cent of the activity in the liver, and about 30 per cent of the ac- 
tivity in the kidney. The 2 ions should not be added together, since the 
presence of one may nullify the effect of the other. 

The resemblances between the Mg*+-activated ATPase and various 
Pyro-Pases previously reported are striking. While it was easy to show 
that Pyro-P contamination of the ATP substrate is not responsible for 
these similarities, there is little evidence to indicate whether the two ac- 
tivities are due to the same or different proteins. The close association 
of these two activities raises the question whether there might also be 
present an enzyme system splitting ATP into A-5-MP and Pyro-P, such 
as Zeller has described in snake venom (25). Such an enzyme could ac- 
count for the properties of the inhibitor for glycolysis which was found in 
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brain extracts by Geiger (26, 27). The inhibitor is of an enzymatic nature, 
and its effect can be overcome by adding small amounts of HDP together 
with Mg++, but not with Cat*. It has recently been shown that A-5-MP 
inhibits brain glycolysis in the absence of HDP (28). If at the same time 
Pyro-P was being formed from the added ATP, it would not be rapidly 
hydrolyzed, except in the presence of a relatively high concentration of 
Mg++. Yet the Pyro-P formed would bind the small amount of Mgt+ 
naturally present in the extract and thereby would inhibit the Mgt*- 
requiring enzymes of glycolysis. 


The author wishes to thank Dr. Camillo Artom for his constant interest 
and constructive criticism of this work. 


SUMMARY 


1. Fresh rat liver homogenate, which splits many common phosphate 
esters very slowly at pH 7.4, hydrolyzes the 5-nucleotides at a moderate 
rate. Addition of Mgt+ ions (up to about 1 X 10 M) very greatly in- 
creases the rate of splitting the polyphosphates (ATP, pyrophosphate, 
tripolyphosphate). The splitting of A-5-MP and ADP is affected to a 
much smaller extent. 

2. Ca++ also increases the splitting of ATP, but is not nearly so effective 
as Mg*+, 

3. A soluble fraction splitting only the polyphosphates was prepared by 
differential centrifugation, pH changes, and (NH4).SO, fractionation. A- 
5-MP and ADP are not attacked by this fraction. Mgt** is essential for 
its activity, and either Ca++ or F~ nullifies the effect of Mgt. 

4. It is suggested that there are several kinds of enzyme measured as 
adenosinetriphosphatase, and that in studying these enzymes separate as- 
say systems with Ca++ and Mg++ should be employed. 
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CRYSTALLIZATION OF CALCIUM CHONDROITIN SULFATE* 


By JULIA EINBINDER anp MAXWELL SCHUBERT 


(From the Department of Chemistry and the Study Group on Rheumatic Diseases, 
New York University College of Medicine, New York, New York) 


(Received for publication, February 26, 1951) 


A previous report from this laboratory (1) described two methods for 
the isolation of potassium chondroitin sulfate from bovine tracheal carti- 
lage. The product prepared by either of these methods was more readily 
obtained free of protein than products prepared by previously known 
methods, such as extraction of cartilage with 2 per cent aqueous sodium 
hydroxide (2) or extraction with 10 per cent aqueous calcium chloride 
(3). The new methods also avoided the degrading effect that alkaline 
solutions are said to have on chondroitin sulfate (4). Neutral potassium 
chondroitin sulfate so prepared was completely amorphous and never 
showed the slightest tendency to crystallize. A method will now be de- 
scribed for the preparation, from this potassium salt, of a neutral calcium 
chondroitin sulfate which can be obtained in a crystalline condition. 


EXPERIMENTAL 


Potassium chondroitin sulfate (10 gm.), prepared from bovine trachea 
or nasal septa by either of the methods, A2 or B2, already described (1), 
is dissolved in water (200 ml.) and acetic acid (10 ml.) is added. This 
clear solution is stirred six times for a half-hour each time with kaolin 
(10 gm.). This mixture is filtered through Filter-Cel with suction after 
each such stirring and fresh kaolin is added. It is not known what is re- 
moved by this process since no detectable protein was present in the start- 
ing material, yet to accomplish crystallization this procedure is necessary. 
A sample of the final solution gives no trace of emulsion when shaken 
vigorously for an hour with chloroform and amyl alcohol. This should 
not be done with the main portion at this stage as the presence of amyl 
alcohol seems to inhibit crystallization. To the final perfectly clear solu- 
tion calcium chloride (5 gm.) and then absolute alcohol (200 ml.) are 
added. The white precipitate that is formed is rather granular in ap- 
pearance. After standing for a day or two, the precipitate appears largely 
crystalline on microscopic examination at magnifications of 500 to 1000 
X. It isa neutral calcium salt. The yield is 6.5 gm. 

The neutral caletum chondroitin sulfate (14 gm.) is dissolved in water 

* This work was supported in part by the Masonic Foundation for Medical Re- 
search and Human Welfare and in part by the United States Public Health Service 
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(800 ml.) and yields a perfectly clear colorless solution. Acetic acid (30 
ml.) and calcium chloride (2 gm.) are added and then absolute alcohol 
(400 ml.) is slowly stirred in. The solution is at this point perfectly clear 
but after standing for 24 hours an amorphous deposit settles out. This 
is centrifuged off, washed with absolute alcohol and absolute ether, and 
dried in vacuo. The yield is 0.7 gm. This product is called the head frae- 
tion. It is the only fraction that, on dissolving in water, yields a turbid 
solution with a yellowish color. 

To the solution remaining after removal of the head fraction is added 
absolute alcohol just to a point at which a permanent turbidity is pro- 
duced. This requires about 50 ml. The mixture is again allowed to stand 





Fig. 1. Photomicrographs (1000 X) of the two common forms of erystals of neu 
tral ealeium chondroitin sulfate. 


and precipitation slowly progresses. After a day another 100 ml. of al- 
cohol are added. The precipitated material first deposits as very small 
liquid droplets apparent under the microscope, but after standing a day 
or two crystal formation and growth occur, and after a few more days the 
entire precipitated product seems to be composed of crystalline material. 
This is shown in the accompanying photomicrographs, Fig. 1. The crys- 
tals are strikingly similar in appearance to those of acid barium heparin- 
ate (5, 6). This product is centrifuged off and washed and dried as be- 
fore. It is called the mid-fraction. The yield is 10.7 gm. 

To the solution remaining after removal of the mid-fraction further 
absolute alcohol is added (350 ml.) and, after standing a few days, the 
precipitated product is removed by centrifuging and is washed and dried. 
This product is also crystalline and the erystals appear to be similar to 
those of the mid-fraction. It is called the tail fraction. The yield is 2.1 
gm. 
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Analytical values for each of these three fractions are summarized in 
Table I. The fractionation has been run several times and figures of 
Table I are mean values. Hexosamine determinations were made as pre- 
viously described (1). Hexuronic acid determinations were made by the 


_ method of Dische (7). Glucuronic acid lactone, recrystallized from ethyl 


acetate, Was used as a standard. It was found to have C 40.38 per cent 
and H 4.38 per cent, while the values calculated for CsHsO, are C 40.90 
per cent and H 4.58 per cent. Nitrogen was determined by the Kjeldahl 
method, sulfur by the microbomb method. What is reported as water is 
the loss in weight at 100° in a vacuum over P.O;. Constant weight is 


TABLE I 
Analytical Data on Preparations of Calcium Chondroitin Sulfate Isolated from 
Cartilage and Including, for Comparison, Data on Amorphous 
Potassium Salt 
The values are measured in per cent. 























a | [a]? 
_— onic | Ss N |CaorK) HO | CandH | ¢ = 25 
| acid | | in H:0 
| | | degrees 
Found, head............. | 26.9 | 29.7 | 4.14 | 2.40 | 6.54 | 12.5 | (9. 19 | —29.6 
\ Seer | 25.8 | 28.4 441 | 2.47 | 5.44 | 14.6 | sae) 
«tail. 27.3 | 27.8 | 4.31 | 2.57 | 6.18 | 13.6 “| —21.8 
Calculated, C.HisNSOu- | | 28 61 
Ca-5H:O..............| 30.5 | 33.1 | 5.45 | 2.39 | 6.81 | 15.3 ra 
| TE | 28.4 | 31.1 | 4.65 | 2.63 | 2.99 | 12.2 —19.8 
Calculated, CisH2aNSOu- | 
}Ca-5H,0.............| 81.5 | 34.1 | 5.63 | 2.46 | 3.52 | 15.8 
es | 23.5 | | 4.17 | 2.15 {11.27 | 10.8 —18.8 
Calculated, CisHisNSOtc- | | | 
Ky-4H,0. . ..|29.5| | 5.27 | 2.81 {12.85 | 11.9 








usually reached in 8 to 10 hours, and the water so determined is as con- 
stant for independent preparations as any of the other components. The 
calculated values presented in Table I are made on the basis of what 
Meyer, Odier, and Siegrist (8) have called a period. A period is a unit 
made up of a mole each of galactosamine, glucuronic acid, sulfuric acid, 
and acetic acid with appropriate subtraction of elements of water and re- 
placement of 2 equivalents of hydrogen by metal ion. It is represented by 
CuHigNSOy,Ca-5H.O and the period weight is 587. The use of the con- 
cept of a period is solely for purposes of calculation of an empirical formula 
and must in no way be understood to imply that in chondroitin sulfate 
there is a regular alternation of glucuronic and galactosamine residues, or 
that chondroitin sulfate is composed of such repeating periods as is usually 
tacitly assumed. 
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The nitrogen values of Table I are not in agreement with the idea ths 
all the nitrogen of chondroitin sulfate can be accounted for as hexosamine 
Although the starting material was free of protein, another set of protein 
tests was run on the fractions of Table I and again all were negative. |; 
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MOLES PERIODATE CONSUMED PER PERIOD 





0 | j | | | | | J 
@) 20 40 60 80 
HOURS 
Fig. 2. Curve A, progressive consumption of periodate at 25° and pH 4.6 by the 
crystalline mid and tail fractions of calcium chondroitin sulfate; Curve B, data of 
Meyer, Odier, and Siegrist (8) obtained at 20° and redrawn to ordinates used here: 
Line C, total periodate present in experiment of Meyer, Odier, and Siegrist. 





seems quite certain that the high nitrogen values of Table I cannot be 
attributed to protein. 

An acid calcium salt has been prepared as follows. The crude neutral 
calcium salt (2.9 gm.) is dissolved in 0.1 m HCl (150 ml.) containing cal- 
cium chloride (1 gm.) and absolute alcohol is slowly stirred in. Perma- 
nent turbidity first appears after addition of 100 ml. of alcohol. A total 
of 250 ml. of alcohol is added. The precipitate formed appears as ex 
tremely small individual particles even under oil immersion, but no crystal 
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shape could be distinguished. The yield after centrifuging, washing, and 
drying is 2.5 gm. Analytical data are included in Table I. 

The amount of periodate consumed by each of the fractions of neutral 
calcium salt was measured by a method similar to that of Meyer, Odier, 
and Siegrist (8). The sample (800 mg.) is dissolved in water, 0.1 Mm 
acetate buffer (15 ml.) of pH 4.7 is added, and the solution made up to a 
volume of 45 ml. in a stoppered graduated cylinder and set in a bath at 
25°. Sodium metaperiodate solution (10 ml., 0.1 mM) is added. Samples 
(10 ml.) are withdrawn immediately and at subsequent intervals, excess 
HCl and KI are added, and the iodine titrated with sodium thiosulfate 
(0.05 m). ‘The results are calculated as moles of periodate consumed per 
period of chondroitin sulfate and plotted against time. The acetate buffer 
alone consumes no periodate under the experimental conditions. The re- 
sults are shown in Fig. 2 for the mid-fraction and the tail fraction (Curve 
4). For comparison the results of Meyer, Odier, and Siegrist are plotted 
(Curve B) in the same units. The principal difference between our ex- 
periments and those of Curve B is that in our experiments a much larger 
excess of periodate is used; 2 moles per period are present at the start of 
the experiment as compared with only 0.24 mole per period used for Curve 
B. In Fig. 2 this limit is marked, beyond which the consumption of peri- 
odate of Curve B could not go. Our own curve shows no break that might 
indicate an end-point of one kind of oxidation such as is suggested by 
Curve B. 


DISCUSSION 


Chondroitin sulfate isolated from cartilage has always tacitly been as- 
sumed to be a single substance. Starting with a fairly pure and unde- 
graded preparation of a potassium salt, it is possible, after further treat- 
ment with kaolin, to separate this material as a calcium salt into 
a2 amorphous, incompletely soluble fraction and crystalline fractions. 
Analytical data for the major components of such fractions show no sig- 
uficant differences. Only the specific rotation shows a trend, being 
greatest for the least soluble amorphous fraction and least for the most 
sdluble tail fraction. The molar ratio of the components is very similar 
for all fractions; that of.the mid-fraction is hexosamine 1.00, glucuronic 
acid 0.92, sulfur 0.96, nitrogen 1.22, calcium 0.95, water 5.15. With the 
exception of the value for nitrogen, these are as close to unit ratios as were 
ound for the cruder potassium salt previously reported. There is another 
respect in which the amorphous potassium salt and the amorphous and 
crystalline fractions of Table I are similar, and that is that the absolute 
percentages of all components except nitrogen are 10 to 20 per cent below 
that calculated for the period usually assumed. There seem to be three 
possible interpretations for these observations. First, that the analytical 
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values are wrong could quite conceivably be true for both the hexog 
amine and hexuronic acid values which are determined by empirical qi. 
orimetric methods. Even the fact that hexosamine and hexuronie aeij 
added to chondroitin sulfate are quantitatively recovered, a point that 
has been frequently checked, would not prove that these components whe, 
in the molecule are quantitatively determined. This kind of explanation 
would by no means be applicable to the values for calcium and for sulfur 
both of which are determined gravimetrically after destruction of the 
chondroitin sulfate. A second possible interpretation for the low ana. 
lytical values is that there is present an impurity. The only plausible one 
that can be imagined is glycogen. By using the most favorable condition 
for the test with iodine as suggested by Morris (9) and working at 0°, i 
has been found that, though the brown color produced in a solution oi 
0.01 per cent glycogen is perfectly obvious, there is no trace of color pro- 
duced in a 5 per cent solution of any of our preparations of chondroitin 
sulfate. Furthermore 0.01 per cent of added glycogen in the presence of 5 
per cent chondroitin sulfate still gives the same obvious brown color, s0 
that it is clear that chondroitin sulfate does not interfere with the iodine 
test for glycogen. The third possible interpretation for the low analytical 
values is that there is in chondroitin sulfate a component as yet unider- 
tified and that it constitutes about 15 per cent of the weight. It is inter- 
esting that Wolfrom and his coworkers (6) in their analysis of the 
crystalline barium salt of heparin were led to suspect the presence of an 
unidentified component in the heparin but not in the amorphous sodium 
chondroitin sulfate that they analyzed simultaneously. A considerable 
amount of work has already been done on the hydrolysis of the crystalline 
calcium chondroitin sulfate but no new components have yet been found. 

An unexplained feature of the preparation of the crystalline neutral 
calcium salt is that it seemed necessary to have free acetic acid present. 
Without this acetic acid no good crystalline products were obtained. 
Meyer and Smyth (8) reported the preparation of an acid calcium salt 
by pouring a solution of the calcium salt into excess acetic acid. Since 
glucuronic acid is a considerably stronger acid than acetic acid, this would 
not seem to be a good method for the preparation of an acid salt. 
Actually their data on three preparations show a wide variation in ash 
(7.6 to 12.6 per cent; calculated 12.0 per cent). In our own work, in order 
to get the acid calcium salt it was found necessary to precipitate the cal- 
cium salt from 0.1 m HCl. 

The data presented raise another suspicion that cannot now be resolved: 
are the fractions of Table I a reflection of the existence of more than one 
kind of chondroitin sulfate or are the different rotations of the fractions 
due to the presence of impurities? Meyer and Rapport (10) have shown 
that chondroitin sulfates from skin and from cartilage are different. 
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Doubts have frequently been expressed as to the homogeneity of crystal- 
line barium heparinate on the basis of electrophoretic behavior (11), frac- 
timation by the Craig counter-current technique (12), and fractionation 
of brucine salts (13). Lack of uniformity shown by differences in anti- 
coagulant activity of crystalline heparin from different animal sources has 
also been pointed out (14) as well as loss of such activity on recrystal- 
lization (15). 

One point of uncertainty is cleared up by these experiments. The fact 
that the crystalline calcium salt is obtained from cartilage that has been 
incubated and then extracted with potassium chloride solution, as well as 
from cartilage not incubated but extracted with potassium chloride solu- 
tio containing 1 per cent of potassium carbonate, seems to rule out the 
possibility that incubation of the cartilage may have caused some en- 
zymatic degradation of the chondroitin sulfate. 

The results of the periodate oxidation of crystalline calcium chondroitin 
sulfate show a’ progressive consumption of periodate over a period of 80 
hours. There is no indication of an end-point such as found by Meyer, 
Odier, and Siegrist (8) and used by them as the basis on which they pro- 
posed a structure of chondroitin sulfate. 


SUMMARY 


By starting with amorphous potassium chondroitin sulfate prepared by 
a method previously described, it has been found possible, by conversion 
to a neutral calcium salt, to separate it into a small amorphous fraction 
and a large crystalline fraction. These fractions have the same composi- 
tion and differ only slightly in solubility and specific rotation. Analytical 
data may indicate the presence of an as yet unidentified constituent. 
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ON THE NUCLEOTIDE CONTENT OF ACTIN PREPARATIONS 


By K. LAKI* anp ARIEL M. CLARK 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, March 1, 1951) 


In a previous paper (1) experiments were reported to show that actin 
preparations always contain adenosinetriphosphate (ATP) and that ATP 
is necessary to keep actin polymerizable. It has also been found that 
ATP disappeared during polymerization. Before attempting to correlate 
the disappearance of ATP during polymerization to the polymerization 
process itself, it was necessary to establish the mechanism of the disap- 
pearance of ATP. While most of the experiments presented in this paper 
clarifying the mechanism of ATP disappearance were being performed, 
Straub and Feuer (2) presented experiments to show that ATP was de- 
phosphorylated during polymerization. Straub’s findings have been chal- 
lenged by Dubuisson and Mathieu (3), who found no change in the labile 
phosphate content of actin after polymerization. Snellman and Gelotte 
(4) also have found that actin preparations contained nucleotides and 
assumed that a deaminase, attacking ATP directly, accompanies actin 


preparations. 


In this paper experiments are presented to show that, although there is 


| adenylic acid deaminase in actin preparations and deamination occurs 
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during polymerization, the mechanism of ATP disappearance is dephos- 
phorylation of ATP to adenosinediphosphate (ADP). 


EXPERIMENTAL 
Materials and Methods 


G-Actin (globular actin) solutions were prepared by extracting with 
carbon dioxide-free water the dry meat prepared from rabbit muscle ac- 
cording to the method of Feuer et al. (5). 

F-Actin (fibrous actin) was obtained by adding KCI solution to G-actin 
(the final KCl concentration 0.1 m). 


ATP and adenylic acid (AMP) were purchased from the Sigma Chemi- 
cal Company. 

For the estimation of nucleotides from the protein-free filtrates of actins, 
two methods were employed. One of them was introduced by Kornberg 
(6), the other by Kalckar (7). 

The Kornberg method is based on the triphosphopyridine nucleotide 
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(TPN) reduction brought about by ATP-phosphorylated glucose through 





olorit 

the combined action of hexokinase and Zwischenferment. With the intro. cai 
duction of myokinase ADP can be estimated as well. In these tests 05 
ml. of neutralized protein-free filtrates (3 ml. of 10 per cent perchloric | 

acid per 10 ml. of actin solution) was used. Spe 

The other ingredients of the reaction mixture were as follows: 0.50 ml. | of act: 

of glycylglycine buffer, 0.25 M, pH 7.4; 0.10 ml. of MgCl, 0.1 mM; 0.10 ml.} the so 

of glucose, 0.5 M; 0.05 ml. of TPN ~3 uM per ml.; 0.01 ml. of hexokinase; | experi 


0.10 ml. of Zwischenferment; H,O to make the total volume to 3.0 ml! ft ¢ 
The reaction was initiated by the addition of Zwischenferment. With the 950 a 
addition of myokinase ADP is converted to ATP and estimated as such 
In the method introduced by Kalckar three enzymes are used. De- 
aminase and myokinase were prepared from rabbit muscle according to 
Kalckar (7) and Colowick and Kalckar (8), respectively. A slightly mod- | 
ified method of Kalckar’s (9) preparation of apyrase from potato was used. 
The protein was precipitated by adding 2 ml. of 10 per cent perchloric | 
acid to 8 ml. of actin solution. To each of three 2.0 ml. quantities of 
protein-free filtrate in graduated 10 ml. cylinders was added 1.0 ml. of the | 
0.1 mM succinate buffer. 2 ml. of a 2 per cent perchloric acid solution were 
treated in the same manner as the actin filtrate. The filtrates and control 
were then brought to approximately pH 6.2 with NaOH. To one cylinder 
was added the myokinase and to another the apyrase (0.1 ml. each). 
After 20 minutes incubation all four samples were diluted to 10 ml. with | 
succinate buffer. 3 ml. of each solution were placed in the quartz cells of 
the Beckman spectrophotometer, the perchloric acid-succinate mixture be- 
ing used for the blank. After the absorption at 265 mu of each actin solu- | 


t 


Fig. 
tion was recorded, 0.1 ml. of the deaminase solution was added to each an 
cell. Readings were taken every few minutes until there was no further | with F 
change in absorption at this wave-length. The total decrease in absorp- | ‘iain 
tion was used to measure the ATP, ADP, and AMP, according to the - 
data given by Kalckar (9). oe 

To study the changes in the ultraviolet absorption spectrum, actin solu- | te 
tions were suitably diluted, usually ten times. The absorption was meas- | Pte 
ured between wave-lengths 290 and 240 mu. ia | 

Phosphate was estimated by the Fiske-Subbarow method (10). The (dis 
actin solutions were deproteinized by adding 0.5 ml. of 20 per cent tri- hae 
chloroacetic acid or 0.4 ml. of 10 per cent perchloric acid to every 2 ml. of pea 


actin. Phosphate assays were made from 1 to 2 ml. of the protein-free 
filtrate and the phosphate value was referred to 1 ml. of the original actin | *It 
solution. Absorption was measured at 660 my with the Klett-Summerson | "on 


ATP, 
1 One of us (K. Laki) is greatly indebted to Dr. A. Kornberg for the use of these ATP. 
enzymes and for his advice in carrying out these tests. actin 
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colorimeter. The acid-labile phosphate was the phosphate liberated in 7 
minutes hydrolysis in 1 Nn HCl at 100°. 


Results 


Spectral Changes during Polymerization—Fig. 1 shows how the spectrum 
of actin changed 60 minutes after the addition of KCl (Curve 2) to make 
the solution 0.1 mM in respect to KCl. No change was observed during the 
experiment in the actin to which water was added instead of KCl (Curve 1). 

It can be seen that a decrease in the density at 265 my and increases at 
250 and 280 my result in a flatter curve through this portion of the spec- 
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Fig. 1. Spectral change occurring in actin solution during KCl incubation. Curve 
1, absorption spectrum of G-actin; Curve 2, absorption spectrum of actin incubated 
with KCl (final concentration 0.1 m) for 60 minutes. 


trum. ‘The increase of densities at 280 and 250 mu was expected, since on 


_ polymerization there is a slight increase in turbidity of actin. The drop of 


n solu- | 
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density at 265 my suggests the disappearance of adenine compounds. 
Tables I and II show the adenine nucleotide contents of actin prepara- 
tions.2 It can be seen that the total adenine content of F-actin is always 
less, corresponding to the change in the spectrum during polymerization 
(disappearance of adenine compounds). Since the protein-free filtrate of 
fresh G-actins gives the spectrum of adenine nucleotides with a maximum 
absorption at 260 mu and the filtrate of F-actins gives a spectrum with a 


2 It can be seen (Table I) that the nucleotide content of actin varies from prepa- 
ration to preparation. All preparations contained varying amounts of AMP and 
ATP, and some of them contained ADP. The total adenine content, as well as the 
ATP content, was found to be roughly parallel with the protein concentration of 
actin solutions (4 to 8 mg. of protein per ml.). 
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TaBLe I maxil 
Concentration of Adenine Nucleotides in G-Actin servet 
Kalckar method employed; results in micromoles per ml. tides 
Preparation No. AMP ADP ATP Total As 
"7 i ee 
1 0.017 0.011 0.040 0.063 | there 
2 0.036 0.007 0.042 0.085 out a 
3 0.035 0.000 0.050 0.085 Th 
4 0.057 0.005 0.057 0.130. | wale 
5 0.221 0.168 0.117 0.506 | 
; : ; eas prepa 
| Nessl 
TaBLeE II Lat 
Adenine Nucleotides Content of G- and F-Actin Preparations 
Kalckar method employed in Preparations 1, 2, and 3, Kornberg method in Prepa- 
rations 4, 5, and 6. Results in micromoles per ml. 
: | | | | re oe, ia 
ePNa,| Actin | ATP | ADP | AMP | Total Remarks | 
| | = 
1 | G | 0.050 | 0.000 | 0.035 | 0.085 
| F 0.025 0.000 | 0.045 | 0.070 | Analyzed 30 min. after addi- 
| tion of KCl 
2 G | 0.057 | 0.005 | 0.057 | 0.119 | 
F 0.047 | 0.002 | 0.049 | 0.098 | Analyzed 30 min. after addi- 
| | tion of KCl Fic 
3 G | 0.079 | 0.039 | 0.092 | 0.210 wade 
F 0.050 0.020 | 0.094 | 0.164 | Analyzed 20 min. after addi- | U¢cin 
| tion of KCl the i 
4 G | 0.090 | | | = 
0.082* | 0.000 | | | Pact 
0.076 | | | inorg 
F 0.028 0.047 | | Analyzed 6 min. after addi-| Th 
| | tion of KCl the f; 
5 | G | 0.089 | | : 
0.082* | 0.000 | well 
0.085 | Suppe 
F 0.028 0.047 Analyzed 6 min. after addi- Th 
| tion of KCl and . 
6 G 0.095 | deph 
0.090* | 0.000 5 
0.090t can | 
F 0.039 0.022 Analyzed 12 min. after addi- Conte 
| | tion of KCl ADP 
* Estimated with myokinase in the test. These values show that there was no *E 
ADP in the G-actin. showe 
t Half of the labile phosphate. tainec 
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maximum at around 250 my, it is inferred that the spectral change ob- 
served after polymerization is due to a transformation of adenine nucleo- 
tides to inosine nucleotides.’ 

As it is seen from Fig. 2, actin readily deaminates adenylic acid, showing 
the presence of deaminase. While actin readily deaminated adenylic acid, 
there was no deamination in actin to which ATP was added (with or with- 
out additional Mg). 

These findings indicate that the change in spectrum during polymeri- 


' gation is due to the deamination of adenylic acid always present in actin 


preparations. (A volatile substance in actin preparations interfering with 
Nessler’s reagent prevented the direct estimation of NH3.) 
Liberation of Inorganic Phosphate during Polymerization—In Table III 
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0 20 40 60 
TIME IN MINUTES 
Fig. 2. Deamination of adenylic acid by actin. Decrease of density at 265 mu. 
0.03 um per ml. of adenylic acid in actin diluted twenty times (dilution with 0.1 m 
succinate buffer, pH 6.2) + KCl (0.1 m final concentration). 


the inorganic and 7 minute-hydrolyzable phosphate contents of G- and 
F-actins are compared and it can be seen that F-actin contains more 
inorganic phosphate and less labile phosphate. 

The increase in inorganic phosphate after polymerization is small, but 
the fact that the labile phosphate content of G- and F-actins agrees very 
well with values calculated from the ATP and ADP content gives strong 
support that this increase in inorganic phosphate is real. 

The observation that inorganic phosphate increases, ATP disappears, 
and ADP appears during polymerization strongly suggests that ATP is 
dephosphorylated during polymerization to ADP, as Straub assumed. It 
can be seen from Table I that, when F-actin is analyzed for nucleotide 
content a few minutes after the addition of salt to G-actin, the amount of 
ADP found is almost identical with that of the ATP disappearing. Com- 

* Experiments in which the technique of paper chromatography was used (11) 


showed that, while fresh G-actin only contained adenine nucleotides, F-actin con- 
tained inosinic acid as well (unpublished experiments). 
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parison of the data on Preparation 5 in Tables II and III shows that 0.057 
uM of ATP disappeared and 0.065 um of inorganic phosphate and 0.047 
um of ADP (82 per cent of the ATP that disappeared) were formed. When 
the analysis is made 20 or 30 minutes after the addition of salt, there is | 








TaBLeE III 
Inorganic and Labile Phosphate Content of G- and F-Actin Preparations 

Preparation No. | Actin | Inorganic P 7 min.-hydrolyzable P 
ee ae perm | ua perm. 

4 G | 0.683 0.152 

F | 0.750 0.110 

5 G | 0.580 0.169 

F | 0.645 0.103 

6 G | 0.625 0.180 

F | 0.712 0.097 








Preparations 4, 5, and 6 refer to the actin preparations in Table II. 
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Fic. 3. Polymerization of actin and the liberation of inorganic phosphate. | 
Curve 1, increase of inorganic phosphate during polymerization of an actin dialyzed 
for 3 days. Polymerization starts with the addition of KCl (0.1 Mm final 
concentration). Curve 2, the rise in viscosity of the same actin solution after 
the addition of KCl. Specific viscosity (relative viscosity, 1). Curve 3, same as 
Curve 1. No KCl added. 


practically no ADP found. This is to be expected, since actin preparations | 
have been found to contain myokinase (12). 

A further proof that the phosphate during polymerization comes from 
ATP was obtained with actins dialyzed against ATP. In such experi 
ments only ATP was found to be the source of the liberated inorganic 
phosphate. Actin solutions were dialyzed for several days against ATP 
(0.1 um per ml.), and the liberation of inorganic phosphate was studied 
when the dialyzed actin was made to polymerize. 

Curve 1 in Fig. 3 shows the time curve of the increase of phosphate in 
G-actin to which KCl has been added to induce polymerization; Curve 2, 
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the increase of viscosity of the same actin solution studied in a viscometer; 
Curve 3, that there is no increase in inorganic phosphate in G-actin. 

From these experiments it is evident that phosphate is liberated during 
polymerization. ‘This phosphate must have come either directly or indi- 
rectly from the ATP, since analysis showed that after the dialysis the 
actin contained no more labile phosphate than the dialyzing fluid. 


DISCUSSION 


Straub, on the basis of his experiments, assumed that during polymeri- 
zation the ATP was dephosphorylated to ADP. 

The experiments presented in this paper show that during the polymeri- 
zation of actin a large part of ATP present in actin preparations is dephos- 
phorylated to ADP. 

Straub pointed out that the liberation of inorganic phosphate and the 
disappearance of ATP apparently go parallel with the rise in viscosity dur- 
ing polymerization and assumed that these processes are connected with 
the polymerization process. 

Although the parallelism cannot be accepted as a proof, because we do 
not know how the hypothetical polymerization is represented by the rise 
in viscosity, the fact that actin does not act as an ATPase is a strong argu- 
ment that the dephosphorylation of ATP is intimately connected with the 
polymerization. Our recent experiments (to be reported elsewhere), how- 
ever, do not support Straub’s theory that on depolymerization ATP is re- 
stored from inorganic phosphate and ADP. 


SUMMARY 


The adenine nucleotide content of actin preparations at various stages 
of polymerization was estimated by employing the methods of Kalckar and 
Kornberg. It was found that actin preparations contain adenylic acid as 
well and often adenosinediphosphate. It was also found that during poly- 
merization ATP loses phosphate through some unknown mechanism and 
becomes ADP. The deamination going on during polymerization was 
found to be due to a deaminase acting upon adenylic acid but not on ATP. 
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The enzyme hyaluronidase catalyzes the hydrolysis of the polysaccharide 
hyaluronic acid. The nature of the glycosidic linkages in this polysaccha- 
ride is unknown, both with respect to the steric configuration and the 
position of attachment of the monosaccharides. Hahn (2) has suggested 
that hyaluronidase is a glucosaminidase (7.e., it hydrolyzes the glucosamine 
rather than the glucuronic acid glycosidic linkages of hyaluronic acid). 
Recent studies by Rapport and Meyer (3) have confirmed this view-point. 

A 6-glucosaminidase which hydrolyzes 8-glycosides of N-acetyl-p-glucos- 
aminopyranoside was discovered in almond emulsin by Helferich and Iloff 
(4). Various investigators have since demonstrated this enzyme in snail 
extract (5), testicular extracts (6), and extracts of many other tissues (2). 
East and coworkers (6) showed that 6-glucosaminidase is distinct from 
hyaluronidase. 

An a-glucosaminidase! (an enzyme capable of catalyzing the hydrolysis 
of a-glucosamine glycosides) has not been reported. It has been demon- 
strated (5) that, whereas snail extract hydrolyzes methyl N-acetyl-6-p- 
glucosaminopyranoside, it does not affect the corresponding a anomer. 
Zechmeister and Toth (7) showed that neither emulsin nor extract of the 
snail (Helix pomatia) contained appreciable a activity, while there was 
considerable 6 activity in both sources. 

This investigation will present evidence for the existence of an a-glucos- 
aminidase in crude hyaluronidase and in various tissue extracts which is 
distinct from hyaluronidase, 6-glucosaminidase, a-glucosidase, and 6-glu- 
cosidase. 

The respective phenyl glycosides were chosen as substrates, since the 
liberated phenol is readily determined. 

The method of Helferich and Tloff (4) was adopted initially for the syn- 
thesis of the 8 substrate. In our hands, a product was isolated which had 


*This work was supported by grants from the Chicago Heart Association and the 
National Institutes of Health, United States Public Health Service. A preliminary 
account of this work has been presented (1). 

'The terms @ activity, a enzyme, and a-glucosaminidase are defined for this 
report as signifying an enzyme capable of hydrolyzing the compound phenyl N- 
acetyl-e-p-glucosaminopyranoside. Analogous nomenclature will be used for the 
enzyme which hydrolyzes the corresponding 6 anomer. 
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608 a-GLUCOSAMINIDASE 
a higher melting point than that reported. By fractional crystallization, 1 
a second substance was isolated which proved to be the @ isomer. An glu 
alternative synthesis based on the work of Helferich and coworkers (8), tial 
with a simpler procedure for the last two steps (acetylation and partial | '™2 
deacetylation), was devised and is shown in the accompanying diagram. pre 
pe 
Sane I T 
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The bromo compound (I) was converted to phenyl 3 ,4,6-triacetyl-8-p- 
glucosaminopyranoside hydrochloride (IT), which on acetylation and par- 
tial deacetylation yielded the desired phenyl N-acetyl-8-p-glucosaminopy- 
ranoside (IV). The properties of this product agreed with those of the 
compound prepared by the first method. Since the second synthesis was 
performed via the bromo compound, the probability of contamination of 
the final product by the a anomer is considered remote (9). 

The synthesis of the a-glycoside was accomplished as shown in the dia- 
gram. The mixed pentaacetates of glucosamine were converted to the 
phenyl tetraacetylglucosaminide (V). This compound was then partially 
deacetylated to yield the desired phenyl N-acetyl-a-p-glucosaminide (VI).? 

Purity of the glycosides was demonstrated by their rotation and by en- 
zymatic studies. Application of Hudson’s first rule of isorotation by Neu- 
berger and Pitt Rivers (11) showed that it is possible to compare analogous 


Tass I 
Application of Hudson’s First Rule of Isorotation 








Derivative | Sugar (M)a — (M)p* 
Pentaacetatet | Glucose 38 , 120 
| Glucosamine 35,933 
Phenyl glycoside | Glucose 64,600 
| N-Acetylglucosamine 66 ,300 








* (M), refers to the molecular optical rotation of the a isomer, while (M), refers 
to the corresponding value for the anomer. 


t One of several examples cited by Neuberger and Pitt Rivers (11). 


glucose and glucosamine derivatives. Extension of this method to the 
glycosides in question and comparison with the phenyl glucosides (Table 
I) indicate a high degree of purity of the anomers. Further evidence is 
furnished by the fact that emulsin, which is known to contain a 6-glucos- 
aminidase and to be free of the a enzyme (10), rapidly hydrolyzes the 8 
substrate without affecting the a compound (Table VII). 


EXPERIMENTAL 
Synthetic Experiments 


Phenyl 2,3 ,4,6-Tetraacetyl-6-p-glucosaminide—The procedure to be pre- 
sented is a modification of the method of Helferich and Iloff (4) and yields 


?Compounds V and VI have been previously reported (10). In view of the 
necessity for absolute purity in these preparations and since the earlier work (a) 
states that repeated recrystallizations were necessary to remove the contaminating 
8 anomer from VI, (b) reports melting points lower than those presented, and (c) 
lacks considerable data for both compounds, the details of synthesis and properties 
will be given. 
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a product of somewhat higher melting point and more negative optical 


rotation. No attempt was made to separate the anomers of pentaacetyl- ol 
glucosamine prepared according to Lobry de Bruyn and Van Ekenstein poun 
(12). 125 gm. of the syrup were added to 175 gm. of phenol and 2.3 gm, ala 
of toluenesulfonic acid. The mixture was heated on a water bath for ex- whicl 
actly 20 minutes, and then poured into 1 liter of chloroform and 1 liter of es 
ice water. The chloroform layer was washed with cold 5 per cent sodium stanc 
hydroxide solution until the alkali was free of color. The chloroform 

layer was then washed with ice water, dried over calcium chloride, and An 
concentrated. A small amount of anhydrous ether was added to the syrup 

whereupon crystals formed. These crystals were a mixture of the ano- Ph 
meric phenyl tetraacetylglucosaminides and of glucosamine pentaacetate. by al 
The mixture was fractionally crystallized by dissolving in hot isopropyl indey 


alcohol and cooling immediately with scratching and seeding with the | yore 
phenyl 6-glycoside. Shortly after crystallization had commenced, the mix- Th 
ture was filtered, yielding 8 gm. of crude product. The filtrate was treated | o¢ yy, 
with increasing amounts of anhydrous ether to yield first the crude phenyl 


the re 

a-glycoside and then the glucosamine pentaacetates. When the crude 6- adie 
glycoside was recrystallized several times from isopropyl alcohol, it yielded } vag , 
5.3 gm. of a product melting at 204—-205° (previously reported, 201.5-202°, shore 
with partial decomposition at 185°); [a]#4 = —21.0° (C, 2 per cent in beadin 
chloroform) (previously reported, [a|!® = —10°). ies 
Analysis‘—CzoH2;0,N. Calculated. C 56.73, H 5.91, N 3.31 the r 
Found. “ 56.44, “ 5.77, “ 8.40 Amb« 

The alternative method of preparation of this compound is via the sh 
bromo derivative (I). This was prepared by the procedure of Irvine et al. oe 


(13) and was converted to phenyl 3 ,4 ,6-triacetyl-6-p-glucosaminide hydro- | ° * 
chloride (II) by the method of Helferich et al. (8). In our hands, the _ 
product (II) decomposed at 240-242° (more sharply than the reported An 
210-240°), but the yield was considerably less (0.2 gm. of the final product 
as compared with 3.5 gm. reported). 


p) 
When 0.5 gm. of II was treated with a mixture of 4 ml. of acetic anhy- 
dride and 4 ml. of pyridine in the cold and allowed to stand overnight, eee 
compound III was isolated. It was not necessary to convert the hydro- ‘iat 
chloride to the acetate salt prior to the acetylation, as previously reported 300 n 
3 All melting points were corrected. The melting point apparatus was calibrated | succe 
with samples from the National Bureau of Standards. alkali 
4 All rotations were performed with an instrument calibrated with a sample of 
sucrose from the National Bureau of Standards. xis 


5 The analyses reported in this investigation were performed by Charles Beazley, | sodiu 
Micro-Tech Laboratories, Skokie, Illinois, or by William Saschek, Department of | per ce 
Chemistry, University of Chicago. water 
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(8). When the pyridine mixture was poured into ice water, it yielded 
crystals immediately. After triturating with ice water, the dried com- 
pound was recrystallized from a small volume of isopropyl alcohol. Three 
such recrystallizations yielded 0.2 gm. of a product melting at 204-205° 
which did not depress the melting point of the compound prepared as de- 
scribed above; [a]? = —20.5° (C, 2 per cent in chloroform). The sub- 
stance was dried in vacuo at 80° for 6 hours. 


Analysis—C2oH2;09N. Calculated. C 56.73, H 5.91, N 3.31 
Found. ‘* 56.54, ** 5.71, “ 3.48 


Phenyl N-Acetyl-B-p-glucosaminide (IV)—This compound was obtained 
by alkaline hydrolysis of III above, which had been synthesized by two 
independent means. The products obtained from both starting materials 
were identical in all respects; therefore only one of these will be described. 

The compound was partially deacetylated by a procedure similar to that 
of Helferich and Iloff (4) by treatment with alkali in acetone, except that 
the reaction was carried out in the cold. It was found, however, that neu- 
tralization of the final solution with acid yielded a product from which it 
was difficult to remove all traces of salt. The minor modification used, 
therefore, was the substitution of an ion exchange resin for the acid neu- 
tralization. To a solution of III (3.1 gm.) in 270 ml. of acetone, 240 ml. 
of N sodium hydroxide were added in the cold. The mixture was kept in 
the refrigerator for 16 hours and was then treated with the acid form of 
Amberlite IR-120 by the “batchwise” shaking technique. The acid, salt- 
free solution was concentrated, yielding a crystalline product (needles). 
The compound was recrystallized several times from water, yielding 1.0 
gm. melting at 249-250° (reported 238°); [a]2> = —10.3° (C, 1.3 per cent 
in water) (reported, [a]? = —5.4°). 


Analysis—CisHigO6N. Calculated. C 56.56, H 6.40, N 4.71 
Found. ‘* 56.68, ‘ 6.43, ‘° 4.73 


Phenyl 2,3 ,4,6-Tetraacetyl-a-p-glucosaminide (V)—33.3 gm. of the pen- 
taacetates of glucosamine were mixed with 50 gm. of phenol and 12.5 gm. 
of anhydrous zine chloride and heated in an oil bath at 125-130° for 45 
minutes with vigorous stirring. After cooling, the syrup was poured into 
300 ml. of benzene and 1 liter of ice water. The benzene layer was washed 
successively with ice water, 5 per cent sodium hydroxide (iced) until the 
alkali extracts were colorless, and finally with ice water. The yellow ben- 


6 The resin was first prepared by shaking vigorously with a 10 per cent solution of 
sodium hydroxide until the washings were colorless. It was then treated with 15 
per cent hydrochloric acid until converted to the acid form and finally washed with 
water and acetone. If the alkaline washing is omitted, the product may be colored. 
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zene layer was dried over calcium chloride and concentrated. The residue 
crystallized, yielding 15.5 gm. of crude material. Purification was accom- 
plished by several alternate recrystallizations from water and cyclohexane, 
a carbon treatment being used the first time. The purified compound was 
recrystallized for analysis from cyclohexane and was dried in vacuo at 65° 
for 6 hours. The product melted at 122-123°; [a]? = +138° (C, 2 per 
cent in chloroform). 


Analysis—CooH2,0,5N. Calculated. C 56.73, H 5.91, N 3.31 
Found. $6.71; * G28, ** 3.23 


The compound was very soluble in benzene, 95 per cent ethanol, meth- 
anol, chloroform, and 1 ,2,3-trichloropropane. It was moderately soluble 
in boiling water, hot cyclohexane, and ether. It was insoluble in cold 
water and petroleum ether. The Benedict test was negative unless the 
compound was first treated with hot 6 N hydrochloric acid. 

Phenyl N-Acetyl-a-p-glucosaminide (V1)—The purified tetraacetate (V) 
(2.1 gm.) was dissolved in 180 ml. of acetone and 160 ml. of N sodium hy- 
droxide. After 16 hours in the refrigerator, the solution was treated with 
approximately 100 gm. of the acid form of Amberlite IR-120 by the “‘batch- 
wise” technique. Concentration of the acid filtrate and recrystallization 
from 95 per cent ethanol yielded 1.2 gm. of colorless needles. The com- 
pound was alternately recrystallized several times from water and alcohol 
and was dried for analysis in vacuo at 100° for 8 hours. The pure com- 
pound melted at 246-247°; [a]? = +213° (C, 1 per cent in water). 


Analysis—C4HipO0gN. Calculated. C 56.56, H 6.40, N 4.71 
Found. ** 56.53, “* 6.40, °° 4.78 


The colorless needles were moderately soluble in water, methanol, and 
ethanol, and very soluble in hot water or hot methyl or ethyl alcohol. 
The compound was insoluble in most organic solvents. A positive Bene- 
dict’s test was obtained after acid hydrolysis. The acid hydrolysis must 
be performed under vigorous conditions, which is usual for the glucosam- 
inides. 

Enzyme Experiments 


Reagents— 

1. The following reagents were prepared as described by Hawk and 
Bergeim (14): Folin-Ciocalteu phenol reagent, standard phenol solution, 
Folin-Wu tungstic acid reagent. 

2. Buffer solutions. Phosphate-citrate buffers of the desired pH were 
prepared to give a concentration in the reaction mixture of 0.15 M. 

3. Substrate solutions. The glycosides were dissolved in water and tol- 
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uene was added as a preservative. The concentrations chosen varied with 
the enzyme concentration in the different experiments. Usually a large 
excess of substrate was used. The glycosides approach saturation at about 
16 mg. per ml. of water. 

Assay for Glucosaminidase Activity—All experiments were performed in 
duplicate. Assays were carried out in centrifuge tubes, Tube 1 containing 
substrate, Tube 2 enzyme and substrate, and Tube 3 enzyme alone. All 
other conditions (pH, salt concentration, etc.) were constant. The sum 
of the optical densities of Tubes 1 and 3 was subtracted from that of Tube 
2. There was essentially no hydrolysis of the substrate alone (Tube 1). 
The enzyme blank (Tube 3) was variable, depending upon the source 
of the extract. No significance was attached to results unless the phenol 
liberated from the substrate (Tube 2) exceeded the blank (Tube 3) by at 
least 50 per cent. 

After the addition of 2 drops of toluene the tubes were capped and incu- 
bated in a water bath at 38°. At the end of the times indicated in Tables 
II to VII, 2.0 ml. of 10 per cent sodium tungstate and 2.0 ml. of 0.66 N 
sulfuric acid were added to remove protein. After centrifugation, an ali- 
quot (0.1 to 2.0 ml.) of the supernatant fluid was transferred to a colorime- 
ter tube and was diluted to 6.0 ml. with water and 1.0 ml. of the phenol 
reagent and 3.0 ml. of saturated sodium carbonate were added with shak- 
ing. Occasionally, a troublesome turbidity develops at this point which 
can be avoided by diluting the phenol reagent 1:4 with water. 25 min- 
utes after the addition of the sodium carbonate, the optical densities were 
determined in an Evelyn colorimeter with the 660 my filter against a re- 
agent blank. Standard phenol samples were determined with each experi- 
ment. Recoveries of added phenol were 90 + 10 per cent. It is impor- 
tant to remove all protein since protein reacts with the phenol reagent. 


Results 


Units of Activity—Hyaluronidase was assayed by the turbidimetric 
method (15) and is expressed in arbitrary turbidity reducing units. Both 
glucosaminidase activities are expressed in terms of the quantity of phenol 
liberated. 

Glucosaminidase Activity of Hyaluronidase Fractions—Bovine testicular 
hyaluronidase preparations’ at various stages of purification were tested 
for ability to hydrolyze both a and 6 substrates. The data in Table II 
indicate that, as hyaluronidase is purified, the @ activity is lost almost 
completely, while the 6 activity decreases. On the basis of this finding, 

™We are greatly indebted to Armour and Company for crude hyaluronidase ob- 


tained from bull testicular extract. The more purified fractions were prepared by 
ammonium sulfate and alcohol fractionation. 
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it is concluded that the a and £6 activities are due to separate enzymes, 
This alone is not sufficient to indicate that hyaluronidase is distinct from 
the glucosaminidases, since the glucosaminidases were assayed over a much 
longer period of time than was hyaluronidase. It is known that, as hyal- 
uronidase is purified, it becomes more unstable (16), and, therefore, it is 
possible that the glucosaminidase activity of the more highly purified frac- 
tions was not detectable since it was destroyed very early in the assay 
procedure. 

A more conclusive experiment is shown in Table III. Fresh rat testic- 


TaBLeE II 
a- and B-Glucosaminidase Activity in Various Hyaluronidase Fractions 


The final reaction mixture in 2.0 ml. contained 5.0 mg. of a or 8 substrate, 600 to 
1200 units of hyaluronidase, phosphate-citrate buffer (pH 4.6, 0.15 m), and 2 drops 
of toluene. The tubes were incubated for 24 hours at 38°. 


| Phenol liberated per unit of hyaluronidase in 














reaction mixture 
Fraction | Purity of hyaluronidase : porn 
| a substrate B substrate 
units per mg. N* Y 7 * pa 
PAIS a, Corciste isis ais stsinicatie wv 960 0.125 0.32 
113700 CR ernie staesere 1,800 | 0.130 0.27 
ee 3,800 0.012 
RAVEN oe oi yaa id 2 ace chs ie a 5 10,000 0.002 | 0.15 
a 12,700 0.002 | 0.21 
units per gm. tissue 

Rat testis extractT....... 1,000 1:2 | 12.0 








* Hyaluronidase was assayed by the turbidimetric method (15). 
+ Fresh rat testes were extracted with water and assayed. 


ular extract was partially inactivated (heating to 38° at pH 3.6 for 1i 
and 30 minutes) and aliquots were assayed for each of the three enzymes. 
Hyaluronidase activity disappeared completely after 15 minutes, while the 
a activity decreased slightly and the 8 activity decreased markedly. It 
thus appears probable that hyaluronidase, pheny] N-acetyl-a-p-glucos- 
aminidase, and phenyl N-acetyl-8-p-glucosaminidase are separate enzymes. 

a-Glucosaminidase and Testicular Glucosidases—Although it appeared un- 
likely that a-glucosaminidase was related to the naturally occurring a-glu- 
cosidase (or the corresponding 6 enzyme), an experiment was performed 
to establish this point; the data are presented in Table IV. Inactivation 
was performed as described in Table III (with longer times). It is readily 
seen that a-glucosaminidase is the most stable enzyme. It should be 
noted that the assays for all three glycosidases were performed under ideb- 
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tical conditions and the data are therefore a measure of the relative activ- 
ity of these enzymes in this extract. 
Properties of a-Glucosaminidase—After the presence of this enzyme in 


TaBLe III 
Inactivation of Rat Testicular Extract 


3.0 gm. of fresh rat testis were extracted with 40 ml. of ice water (Waring blendor) 
and filtered. Three aliquots of the filtrate were removed and treated as follows: 
Fraction 1 was assayed directly for the three activities (according to the conditions 
described in Table II), Fraction 2 was incubated for 15 minutes at pH 3.6 (0.15 m 
phosphate-citrate buffer) at 38°, and Fraction 3 was treated like Fraction 2, except 
that it was incubated for 30 minutes. Fractions 2 and 3 were adjusted to the cor- 
rect pH for assay after the incubation periods. 























Enzyme activity per ml. extract 
Inactivation time 
Hyaluronidase a-Glucosaminidase 8-Glucosaminidase 

min. units y phenol 7 phenol 

0 106 53 896 
15 0 45 226 
30 0 44 188 

TaBLe IV 


Inactivation of Rat Testicular Extract 
4.7 gm. of fresh rat testis were extracted with 80 ml. of ice water (Waring blendor) 
and filtered. The filtrate was used as an enzyme source. The conditions of this 
experiment were the same as those described in Table III, except that the inactiva- 
tion times were increased. Assays for all activities were performed at 38° for 18 
hours in the presence of toluene. a-Glucosaminidase was assayed at pH 4.4, whereas 
the glucosidases were assayed at pH 6.5. 











Phenol liberated per ml. of extract 
Inactivation time 
Phen; F ? 
N-acetyl aalaaeniiibte Phenyl B-glucoside Phenyl a-glucoside 

min. Y Y O 

0 31.2 28.5 137 
30 14.4 0 12.4 
60 - 14.4 0 4.8 














testicular extract was established, a preliminary study of its properties was 
undertaken. The following points were noted: (1) when testicular extract 
is heated for 10 minutes at 100°, the a and £ activities disappear, (2) the 
amount of phenol liberated by the enzyme is proportional to time up to 
12 hours, after which the rate of hydrolysis decreases. 

Fig. 1 shows the effect of pH on the a-glucosaminidase activity in rat 
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testicular extract and crude hyaluronidase (Fraction HY-11, Table II), 
Under these conditions, the pH optimum appears to be about 4.5 in phos- 
phate-citrate buffer. Similar results were obtained in acetate buffer, al- 
though the enzyme was less active in this medium. It is of interest that 
a similar pH optimum has been found for the 6 enzyme (6). 

Fig. 2 shows the effect of variation of substrate concentration, all other 
conditions kept constant. Maximum rates were obtained at about 
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Fig. 1. The effect of pH on a-glucosaminidase activity. , crude hyaluronidase 
(Fraction Hy-11, Table II). Final volume, 2.0 ml.; the tubes contained 10.0 mg. 
of hyaluronidase, 5.0 mg. of a substrate, phosphate-citrate buffer (0.15 m), 2 drops 
of toluene; incubated for 4 hours at 38°. ©, fresh rat testis extract. 5.3 gm. of 
tissue were extracted with 35 ml. of ice water (Waring blendor) and the filtrate was 
used. The final volume in each tube was 2.5 ml.; 1.0 ml. of extract, 5.0 mg. of « 
substrate, phosphate-citrate buffer (final concentration was 0.15 m), 2 drops of 
toluene in each tube. The tubes were incubated for 8.5 hours at 38°. 


3 X 10-*Mm. For assay purposes, 3 to 5 times this concentration was usu- 
ally employed. 

Table V shows that the rate of reaction was linear with enzyme concen- 
tration at two different time intervals. 

Assay of Various Biological Material for a- and B-Glucosaminidases—Rat 
and rabbit tissues of both sexes showed no differences in either activity. 
The results (expressed as micrograms of phenol liberated per gm. of fresh 
tissue extracted) are given in Table VI. It is possible to group the tissues 
into three classes with respect to the a enzyme: testis, rat spleen, and rat 
liver extracts are most active, kidney, lung, rabbit spleen, and liver ex- 
tracts contain some activity, while heart, brain, and muscle extracts are 
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essentially inactive. In contrast the B activity was present in all tissues 
examined. Since more than 80 per cent of the substrate was hydrolyzed 
by the 8 enzyme, no quantitative comparison with the a enzyme can be 


'6, ; ‘ 
140+ 
120+ : 


\0O- 


%& PHENOL LIBERATED 


20 





N \ \ i i 
0 10 2.0 300 40 5.0 
Mx 10? 

CONCENTRATION OF SUBSTRATE 
IN ENZYME REACTION MIXTURE 

Fie. 2. The effect of variation of substrate concentration on a-glucosaminidase 
activity. 4.8 gm. of fresh rat testis were extracted (Waring blendor) with 30.0 ml. 
of iced phosphate-citrate buffer (pH 4.6, 0.18 m) and the filtrate was used as the 
enzyme source. Each tube contained 2.5 ml. of mixture: 2.0 ml. of extract, 0.5 ml. 


of substrate solutions of varying concentrations, 2 drops of toluene. The tubes 
were incubated for 12 hours at 38°. 





TABLE V 
Effect of Variation of Enzyme Concentration 
3.7 gm. of fresh rat testis were extracted (Waring blendor) with 50 ml. of iced 
buffer (phosphate-citrate, pH 5.0, 0.15 m) and the filtrate was used as the enzyme 
source. Each tube contained 2.5 ml. of the mixture: 5.0 mg. of a compound, 0.15 
mM phosphate-citrate buffer (pH 5.0), 2 drops of toluene, and varying amounts of 
tissue filtrate. The tubes were incubated at 38° for the specified lengths of time. 


7 l 











Phenol liberated 
Extract 

530 min. 1410 min. 
ml. Y * 
0.5 15.8 23.3 
1.0 34.0 77.5 
1.5 50.6 120 
2.0 63.3 143 
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made on the basis of data so far collected. In the more active a enzyme T 
extracts, the hydrolysis of the 8 substrate usually proceeds about 10 times poin 
as rapidly as that of the a substrate. - 
TasLe VI lyze 
Hydrolysis of Phenyl N-Acetyl-a- and B-p-glucosaminides by Tissue Extracts (2) ° 
All incubations were carried out in 0.15 m phosphate-citrate buffer at pH 4.6 in ity, 
the presence of toluene. The tissues were extracted in the cold with the buffer of e1 
(Waring blendor), and the filtrates were incubated with 5.0 mg. of the respective 
substrates at 38° for 24 hours. 
Phenol liberated from glycosides per gm. of fresh tissue It 
—- ailhinks cae logic 
Tissue | a substrate B substrate zym 
) cosa 
Rabbit Rat Rat } T 
af ¥ Y | yet 
Testis Beate rseie ie in ue mien 8 she a ae een Sree 1740 1100 6600 | expl 
BODO © cos odes ecscauasnieis shinee 430 360 | awe 
COUT SS oar 276 340 ; 
RE ete teatce ns ORES ...| 485 | 1025 vale 
"L/L a geen | 106 975 | 80-95% hydrolysis of substrate in a 
ELEC | Trace | Trace by all tissues is p- 
PIPER er tee as beat s aS stare 
1 CCT ee re hemes’ re | links 
Testis (boiled 10 min.)........ 0 0 0 ang 
is i Pein te. Serer e) Sear aaeee an | him 
poly 
Tasie VII | ase | 
Hydrolysis of Phenyl N-Acetyl-p-glucosaminides by Miscellaneous Extracts repo 
The conditions for these experiments were similar to those described in Table VI. | hyal 
on Phenol liberated ized 
Source tion time .; a pS SP ee ee ig nS ors, the | 
From a substrate From 6 substrate 
hrs. Y ¥ Ji 
Hemolyzed human blood*.} 16.5 50 per ml. blood 406 per ml. blood and 
Pneumococcal filtratet....| 16.5 | 126 “ “ filtrate | 503 “ “ filtrate } 
Streptococcal a: Sev 16.5 0 0 
L017 7) ee 14.0 | 0 | 362 per 5 mg. enzyme PI 
Human ovary............. 24.0 | Trace | 450 ‘* gm. tissue ; 
| WeRwcs | amir 
* The activities appear to be present in the serum. Al 
t This filtrate is from Vassar type II pneumococcus strain kindly supplied to us for t 
by Dr. Robert T. Thompson. Sc 
t These results were obtained on a filtrate from P 3661 type 4 Group A strepto- dase 
coccus kindly supplied to us by Dr. Robert T. Thompson. 1 
§ Two commercial preparations (Delta, Merck) yielded similar results. 
as I 
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Table VII shows the activity of miscellaneous extracts. The following 
points were noted: (1) although Hahn reported (2) no 6-glucosaminidase 
in serum, these data indicate that hemolyzed human whole blood hydro- 
lyzed both substrates, the enzymes apparently being present in the serum, 
(2) whereas streptococcus filtrates did not appear to contain either activ- 
ity, pneumococcus filtrates contained both, and (3) two commercial brands 
of emulsin contained no a activity. 


DISCUSSION 


It seems clear from the data presented that extracts of a variety of bio- 
logical materials hydrolyze phenyl N-acetyl-a-p-glucosaminide. The en- 
zyme responsible for this appears to be distinct from hyaluronidase, 6-glu- 
cosaminidase, a-glucosidase, and §-glucosidase. 

The fact that hyaluronidase appears to be a glucosaminidase (2), and 
yet is distinct from either of the two glucosaminidases studied here, can be 
explained on the grounds of enzyme specificity. It is possible that hyal- 
uronidase hydrolyzes the glucosaminide linkage of hyaluronic acid (which 
is a larger polymer), while it may not hydrolyze the same type of linkage 
in a simple glycoside. A similar enzyme with this type of specificity 
is B-amylase which readily hydrolyzes the a-glucosidic linkages present in 
starch or glycogen but which does not appreciably hydrolyze the same 
linkage present in maltose (17). Hahn (2) has presented data which led 
him to conclude that hyaluronidase is a mixture of two enzymes, a muco- 
polysaccharase (acting on native hyaluronic acid) and a mucooligosacchar- 
ase (acting on the smaller fragments). The method of assay used in this 
report probably gives a measure of the mucopolysaccharase activity of 
hyaluronidase rather than of enzymes which might act on more depolymer- 
ized fragments. It is possible that the glucosaminidases are involved in 
the hydrolysis of the smaller molecules derived from hyaluronic acid. 


The authors wish to acknowledge the assistance of Miss Frances Moses 

and Dr. Howard Green in some of these studies. 
SUMMARY 

Phenyl N-acetyl-a-p-glucosaminide (I) and phenyl N-acetyl-8-p-glucos- 
aminide (II) were prepared through their tetraacetates. 

An enzyme which hydrolyzes I to yield phenol is reported and an assay 
for this enzyme in terms of the phenol liberated is described. 

Some properties of crude extracts containing this enzyme, a-glucosamini- 
dase, are presented. 

The a-glucosaminidase is distinct from 6-glucosaminidase, hyaluronidase 
(as measured by a turbidity reducing method), and a- and 6-glucosidases. 
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Various natural sources were examined for both a- and 8-glucosamini- 


dases. 
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A RELATION BETWEEN PHASE COMPOSITION AND 
PARTITION COEFFICIENTS FOR THE ESTROGENS* 


By LEWIS L. ENGEL, WILSON R. SLAUNWHITE, Jr., PRISCILLA 
CARTER, anp POLLY C. OLMSTED 
(From the Medical Laboratories of the Collis P. Huntington Memorial Hospital of 
Harvard University at the Massachusetts General Hospital, and the 
Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, March 9, 1951) 


As a preliminary to studies of the separation of urinary estrogens by 
counter-current distribution it was necessary to measure the partition co- 
efficients of estrone, estradiol-178,' and estriol in a number of different 
solvent pairs (2). For reasons of convenience it was desirable to use 
systems consisting of relatively low boiling solvents and containing no 
electrolytes. Systems containing water and two or three organic solvents 
were explored. 


EXPERIMENTAL 


Estrone, estradiol, and estriol were commercial preparations? which were 
found to be homogeneous by counter-current distribution. All solvents 
except cyclohexane were of c.p. grade and were used without further puri- 
fication. Technical grade cyclohexane was purified by passage through a 
column of silica gel. All measurements were made at room temperature. 
The equilibrations and analyses were carried out as previously described 


(2). 


* This work was supported in part by a grant from the National Cancer Institute, 
United States Public Health Service, and in part by an institutional grant from the 
American Cancer Society to the Massachusetts General Hospital. 

This is Paper I of a series entitled ‘‘The physical properties of steroidal estro- 
gens.” A preliminary report of some of these data was presented at a conference 
on the ‘Estimation of steroids in body fluids, and of their excretory products” at 
the Ciba Foundation, London, England, July 31 to August 2, 1950. 

This is Publication No. 735 of the Cancer Commission of Harvard University. 

The valued assistance and criticism of Professor G. B. Kistiakowsky in the ther- 
modynamic interpretation of the data are gratefully acknowledged. 

‘The nomenclature used in this paper conforms with that proposed by Fieser and 
Fieser (1). 

* The authors wish to thank the Ciba Pharmaceutical Products, Inc., for the sam- 
ples of estrone and estradiol-178 and Parke, Davis and Company for the sample of 
estriol. 
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DISCUSSION 


When the data were analyzed, it was apparent that, if the logarithm of 
the partition coefficient were plotted against the solvent composition of 
one of the phases, the relationship could be expressed as a straight line, 
The relation for estrone and estradiol was linear in all six solvent systems 
studied, while estriol deviated from linearity in one of these systems, 
Typical data are shown in Fig. 1. In Table I the data for the remaining 
five systems are summarized in terms of the slopes of the lines and their 
intercepts. 

When the solvent composition of the aqueous phase is varied, pro- 


LOG K 
2.0 





70%CH,OH-30% H,O 
CHCI,-CCl, 










° ESTRONE 


4 ESTRADIOL-I7 B 
v ESTRIOL 
| 








| | 
40 60 80 
% CHCl, 
Fig. 1. The relation between the partition coefficients (K) of estrone, estradiol- 


176, and estriol and the composition of the lower phase in the system (70 per cent 
MeOH-30 per cent H.O)/(CHCI1;-CCl,). 





20 


nounced deviations from linearity occur as the compositon of this phase 
approaches pure water, on the one hand, and as the alcohol concentration 
approaches the level at which the two phases become miscible, on the 
other. These deviations are smaller in magnitude when the non-aqueous 
phase is varied. The deviation at low alcohol concentration is probably 
due to the fact that the limit of solubility of the steroid is being 
approached. It must also be emphasized that the percentage composi- 
tions shown in Table I are those of the solvents as prepared and do not 
take into account the changes in composition which occur when the pair 
of solvents are equilibrated with one another. 

Linear relationships over a limited range between log K and pH fo 
certain bases (3, 4) and phenols (5) in (organic solvent)/(buffer solution) 
systems have been reported and correlated with the ionization constants 





XUM 


of the 
play a 

It i 
or otk 
been 
mixtu: 
three | 
coeffic 
slopes 


PhH 
EtOAc 


40% Ei 
CoH, 
10% Ei 
CeHi 
CH,OF 
0% C 
H.0 


wi sis 
is the y 
tli 
The liz 
percen 





under 
may b 

Altl 
empiri 
the la 
are mi 

Con 
tion a 
tions 
mole f 
that t 
solven 
efficier 


hm of 
ion of 
t line, 
stems 
stems, 
aining 
| their 


» pro- 


stradiol- 
per cent 


s phase 
tration 
on. the 
1queous 
robably 
s being 
omposi- 
do not 
he pairs 


pH for 
olution) 
onstants 





XUM 


ENGEL, SLAUNWHITE, CARTER, AND OLMSTED 623 
of the compounds in question. 
play any significant rdle. 

It is not known whether a similar relation obtains for other compounds 
or other solvent systems. Nevertheless, this regularity in behavior has 
been found useful in selecting solvent systems for separating estrogen 
mixtures by counter-current distribution. In addition, any one of the 
three compounds studied may be characterized by measuring the partition 
coefficients at two different concentrations of the variable phase, since the 
slopes and intercepts are significantly different for the three estrogens 


In the present study, ionization does not 


TABLE I 


Effect of Variation of Solvent Composition on Partition Coefficients of Estrone, 
Estradiol-178, and Estriol 




















Estrone Estradiol-178 | Estriol 
Upper phase Lower phase 
s* It s I | Ss | I 
PhH CH;,0H-H.O —0.059 | 4.6 |—0.034) 2.1 ‘0.028 0.15 
BtOAc-C gHie 50% EtOH-50% | 0.0088) 0.20) 0.021 —0.60 0.026|—1.7 
H.O | | 
40% EtOAc-60% | EtOH-H,O —0.041 | 2.6 |—0.036| 2.1 —0.038| 1.2 
CeHiz | 
50% EtOAc-50% EtOH-H:0 —0.045 | 3.1 |—0.038} 2.3 | Not linear 
CeHie | 
CH,OH-H.O CCl, 0.0384 |-—2.2 | 0.028)/—1.1 | 0 1.4 
0% CH;0H-30% CHC1,;-CCl, —0.013 |—0.20|—0.018 0.75|—0.020 1.7 
H,0 | 

















* § is the slope of the line, log K/P, where K is the partition coefficient and P 
isthe percentage composition of the phase which is being varied. 

tI is the intercept at P = 0. The equations of the lines are log K = PS + I. 
The lines are constructed by plotting log K on a linear scale as the ordinate, the 
percentage composition (by volume) of the phase being varied as the abscissa. 


under consideration. Thus, a tentative characterization of a compound 
may be made even when only a few micrograms are available. 

Although the above relationship was originally obtained on a purely 
empirical basis, it is interesting that such a relation may be derived from 
the laws governing equilibria, provided certain simplifying assumptions 
are made. 

Consider a biphasic system consisting of a phase of variable composi- 
tion and a phase of fixed composition. Let Na and N, be the mole frac- 
tions of components a and b in the variable phase and N, and Ne be the 
mole fractions of components c and d in the fixed phase. Assume further 
that the mutual solubility of the two phases is zero and that both the 
solvents and the solute behave ideally. Then, if K is the partition co- 
eficient and AF the change in free energy involved in transferring the 
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solute from one phase to the other, at equilibrium under standard 
conditions, 


(1) AF° = —RT In K = H.N,+ HiN, — (H-N. + HaNa) — T(SaNa + SiN > 
ae (S.N- + SaN,)) 
where Has,c,a and Sa,c,a are the heats and entropies of solution of the 
solute in components a, b, c, and d, respectively. 
But, since Nz + Ms = 1, 


(2) —RT In K = N.(Ha — H, Sa T (Sa Bis S»)) + Hy a (H.N- + HNa) 
—T(S» — (SeN- + SaNu) 


This is the equation of a straight line in which the slope involves dif- 
ferences of the thermodynamic characteristics of only the variable phase, 
while the intercept involves the characteristics of both phases. 

The deviation from linearity which was observed in the case of estriol 
even at low solute concentrations indicates that the solvents or solute is 
not acting ideally. In the case of estrone and estradiol-178 such devia- 
tions were not observed, although it is well known that alcohol-water 
mixtures do not behave ideally. This is probably due to compensating 
deviations. 

In the simple case of the distribution of a solute in a biphasic system 
of two components, a and ¢, the relationship becomes, 


(3) —RT In K = Ha — H. — T(Sa — Se) 


The partition coefficient is often discussed in terms of the relative solu- 
bilities of the solute in the two immiscible phases. Equation 2 shows that 
the relation is much more complex. The partition coefficient actually is a 
function of the heat and entropy of solution of solute in each component 
of the system. These quantities in turn vary with the concentration of 
the solute (6), especially as saturation is approached. In the presence of 
solid solute, however, it is true that the partition coefficient is the ratio 
of the solubilities in the two phases. 


SUMMARY 


The partition coefficients of estrone, estradiol-178, and estriol have been 
measured in a series of ternary and quaternary biphasic solvent systems. 
When the solvent composition of one phase is varied, the logarithm of the 
partition coefficient is a linear function of the composition of this phase. 
A thermodynamic explanation of these observations has been proposed. 
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THE FLUORESCENCE AND EXTINCTION AND 
PARTITION COEFFICIENTS OF ESTROGENS* 


| By WILSON R. SLAUNWHITE, Jr., LEWIS L. ENGEL, POLLY C. OLMSTED, 
AND PRISCILLA CARTER 


(From the Medical Laboratories of the Collis P. Huntington Memorial Hospital of 
Harvard University at the Massachusetts General Hospital, and the 
Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 





(Received for publication, March 9, 1951) 


Studies of urinary and tissue metabolites of steroidal estrogens have 
been hampered by the paucity of physical data on compounds other than 
estrone, estradiol-178,' and estriol. The development of a method uti- 
lizing counter-current distribution for the separation and estimation of the 
three major urinary estrogens (2) has opened up the possibility of detect- 
ing other metabolites which may be of physiological or pathological signif- 
icance. For this reason it was considered desirable to examine the fluores- 
cence, ultraviolet absorption spectra, and partition coefficients of estrane 
derivatives which may be interesting either as possible metabolites or as 
therapeutic agents. 


Methods 


Fluorescence was measured in a Coleman model 12A photofluorometer 
with the filter system and reaction conditions described previously (2). 
This is a modification of the method of Bates and Cohen (3). 

Ultraviolet absorption spectra were measured in a Beckman model DU 
spectrophotometer. All measurements were made in absolute ethanol so- 
lution. 

Partition coefficients were determined as described previously (2), either 
| fluorescence or ultraviolet absorption being used to measure the concen- 

tration. The concentration of steroids employed ranged from 0.5 to 40 y 
per ml., computed from the total volumes of the two liquid phases. At 
this low concentration range (10~! to 10-* m) it may be assumed that the 
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from the American Cancer Society to the Massachusetts General Hospital. 

This is Paper II of a series entitled, ‘‘The physical properties of steroidal estro- 

| gens.” A preliminary report of some of these data was presented at a conference 
on the ‘Estimation of steroids in body fluids, and of their excretory products”’ held 
at the Ciba Foundation, London, England, July 31 to August 2, 1950. 
This is Publication No. 736 of the Cancer Commission of Harvard University. 
1 The nomenclature in this paper will conform with that proposed by Fieser and 
| Fieser (1). 
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partition isotherms are linear. In some instances, the partition coeff. 
cients were calculated from counter-current distributions carried out 
the twenty-five tube stainless steel instrument described by Craig and 
Post (4). 


Results 


Relative Specific Fluorescence—The relative specific fluorescence (at 525 
my with a 436 mu activating filter) of fifteen steroids related to the natural 
estrogens is presented in Table I. Relative specific fluorescence is de. 
fined as 100 X (scale deflection per microgram)/(scale deflection per ni- 
crogram of estrone). It may be seen that, for measurement of fluorescence 
at these wave-lengths, the compounds under consideration may be divided | 
into three classes: estrone, the two isomeric estradiols, and estriol, which 
all show a relatively high fluorescence, equilin and equilenin and thei 
derivatives, which have a rather low specific fluorescence at 525 my but 
have their maxima at higher wave-lengths (5), and finally, the remaining 
substituted estrane derivatives, which have very low specific fluorescence 
or do not fluoresce at all under the experimental conditions employed 
17a-Ethinylestradiol was the one compound studied which did not shows 
linear relationship between concentration and fluorescence. 

The removal of the oxygen function at Cy; (17-desoxoestrone), its shift 
to Cy. (estrone-16), or the introduction of a carbonyl group at Cg, Cz, or Cy 
in either estrone or estradiol-178 all cause a striking depression or even 3 
complete abolition of the fluorescence. It is clear from these data that the 
fluorescence method in its present form is not a suitable tool for the sear¢h 
for estrogen metabolites other than the four major compounds (estrone, 
the isomeric estradiols, and estriol). In fact, the successful application 
of fluorometric analysis to urinary extracts may be attributed in large part 
to its relatively high degree of specificity for these four steroids. 

Partition Coefficients—The partition coefficients of all the compound 
studied were determined in the (50 per cent methanol-50 per cent water) 
(carbon tetrachloride) system, since this is the most frequently used system 
for the preliminary separation of the urinary estrogen fraction into its 
three major components. The other three systems were chosen for the) 
purpose of studying the effect of changing solvent composition on the) 
partition coefficients. 

In general, the effects on the partition coefficient of oxygen substitutia! 
or removal of a substituent are in accord with expectations. The intro 
duction of a 3rd oxygen function into either estrone or estradiol results it 
a more hydrophilic compound. For each system, the introduction of a cat 
bonyl group in estrone at Cz. or Cis (J, N)? produces an effect on the par 


| 








? The letters refer to the compounds listed in Table I. 
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tition coefficient roughly comparable to that produced by the addition of 
a carbonyl group to estradiol (L, O) in the same two positions. The 


TABLE I 
Physical Properties of Steroidal Estrogens 





























Partition coefficientst 
ae a ee RIN System | System | System | System 
I II Itt IV 
R19) 117 Ge ene ee eer ee 100 | 3.4 (1, 9-11) 0.33 | 39 4.2/1.0 
Be WatrROIOL-EO. 66s occ ae ccc wens 69 | 3.4 (12) 1.64 |>10 2.5 | 0.74 
CP BSITAGIOINU(B. i. s5 55.5 seers 62 | 3.3 (9, 11) 2.1 16 2.9 | 0.64 
PIMBBUTEON e055 sc. fo ldo Tealelen 85 | 3.4 (11) 22 1.3) 0.58) 0.29 
BOB OUMAIS oc3..5.5 sce escent Ses 14 | 3.3 (9, 18) 0.25 | 39 3.6 | 0.74 
SUE LGT SS 2 ae ee 15 | 3.7 (18, 14)f 0.55 | 20 4.2/1.0 
G. 17-Dihydroequilenin......... 6 | 3.7 (12)§ 2.9 9 2.5 | 0.71 
H. 17e-Ethinylestradiol (15)....|  9| | 3.3 1.04 |>10 | 3.8 | 0.68 
Ue Hstrone-16 (16). .6.5... 6 ks 8 | 3.4 0.37 | 17 3.0 
K. 6-Ketoestrone (17)J......... 0 = 1.05 4.6) 3.3 | 0.59 
L. 6-Ketoestradiol-178.......... 0 (18) tt 9.3 3.6} 2.4 | 0.42 
M, 7-etoestrone.....< 60/66). 6.6 6ds 3 | 3.4 (19) 0.44 |>10 6.3 | 1.0 
N. 16-Ketoestrone (20)......... 8 | 3.4tt 1.71; 12 1.9 
0. 16-Ketoestradiol (20)........ 17 | 3.4 5.9 So) B72 
P. 17-Desoxoestrone (21)....... | 4 | 3.3 | 0.23 33 | 26 3.1 








The figures in parentheses refer to bibliographic references. 

*100 X (scale deflection per microgram)/(scale deflection per microgram of es- 
trone). 

+ System I, (50 per cent CH;0H-50 per cent H.0)/(CCl,); System II, (50 per cent 
EtOAc-50 per cent CsHi2)/(33 per cent EtOH-67 per cent H2O); System III, (50 
per cent EtOAc-50 per cent CsHi2)/(50 per cent EtOH-50 per cent H:O); System IV, 
(50 per cent EtOAc-50 per cent CsHi2)/(70 per cent EtOH-30 per cent H:O). 

t Other maxima at 260 mu (log ¢ 3.5), 270 my (log ¢ 3.7), 292 mu (log « 3.6), 328 
my (log ¢ 3.3), and 341 my (log ¢ 3.4). 

§ Other maxima at 260 mu (log ¢ 3.5), 270 mu (log ¢ 3.7), 292 mu (log ¢ 3.6), 328 
my (log € 3.4), and 341 my (log ¢ 8.4). 

| Non-linear. 

{ This compound (m.p. 246.2-247.6°) was very kindly prepared from the acetate 
by Dr. L. Levy, Worcester Foundation for Experimental Biology. 

** Absorption maxima at 255 mp (log ¢ 3.9) and 326 my (log « 3.4). 

tt Absorption maxima at 255 mu (log e 4.0) and 326 my (log «¢ 3.5). 

tt Additional broad band with maximum at 336 muy (log ¢ 2.7). 


behavior of 7-ketoestrone (M) is exceptional in that the addition of a 
carbonyl group at C7; does not produce the expected shift in the partition 
coefficient. Hydroxylation has a greater effect than the introduction of 
a carbonyl group. Removal of the carbonyl group at Ci; (P) causes a 
marked shift in the opposite direction. A shift of the carbonyl group 
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from C,7 to Ci¢ (J) in estrone does not cause a significant change in the par- 


tition coefficient. The addition of the 2-carbon side chain in 17a-ethinyl- ae 
estradiol (H) has the anticipated effect of making the compound more ni 
hydrophobic. ; 
hes Geaneelden eh an nine doe ed BY wordy 0 ses a 
on the partition coefficient, making the compound somewhat more hydro- 
phobic in the methanol-water-carbon tetrachloride system and more hydro- 1. Fie 
philic in two of the three ethyl acetate-cyclohexane-ethanol-water systems, ie 
The naphtholic compounds, equilenin and dihydroequilenin (F, G), differ | 2. En; 
only slightly in partition coefficients from their phenolic analogues, estrone c 
and estradiol (A, C). 3. Bat 
More extensive data on the partition coefficients of estrone, estradiol, ; 
and estriol have been reported by Engel et al. (2, 6), Bachman and Pettit } 6, En, 
(7), and Mather (8). C 
The relation between the logarithm of the partition coefficient and sol- 7: Bac 
vent composition for Systems II, III, and IV (Table I), was also studied. 8. Ma 
The relation was linear for equilenin and 178-dihydroequilenin and non- . “ 
linear for equilin, 6-ketoestrone, 6-ketoestradiol, and 17-desoxoestrone (¢. } 10, Hoy 
(6)). In the case of estradiol-17a, 17a-ethinylestradiol, and 7-ketoestrone ( 
the values of the partition coefficients could not be determined accurately f 11. Fri 
in System II. Insufficient quantities of material were available for the ( 
ae ae ‘ i 12. Hir 
measurement of the partition coefficients of estrone-16, 16-ketoestrone, and 3. Dir 
16-ketoestradiol in System IV. 1 Bac 
Ultraviolet Absorption Spectra—With the exception of 6-ketoestrone and} 15. Inh 
6-ketoestradiol all of the phenolic steroids show a broad maximum at 280 7 
to 281 mu. The main absorption maximum of 6-ketoestrone and 6-kete- : 
estradiol is shifted to 255 my and an additional band at 326 my appears} jg aie 


16-Ketoestrone has a band at 336 my in addition to the main band at 280} 19, Peg 
my. The two naphtholic compounds equilenin and 17-dihydroequilenin} 2. Huf 
show considerable fine structure. The molecular extinction coefficients all | *!- Hue 
lie between 1000 and 10,000. In general the data presented are in good 
agreement with values previously reported, both for the wave-lengths of 
maximum absorption and the molecular extinction coefficients. 


SUMMARY 


Data on fluorescence, partition coefficients, and ultraviolet absorption 
spectra of fifteen steroidal estrogens have been presented. Some relations 
between chemical constitution and these physical properties are discussed. 


The authors wish to express their thanks to the following for thei 
generous gifts of pure substances: Ciba Pharmaceutical Products, Inc. 
(estrone, estradiol-178, 17a-ethinylestradiol), Parke, Davis and Company 
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(estriol), Dr. J. Curtis (estradiol-17a), Dr. O. Wintersteiner (equilin, di- 
hydroequilenin, 7-ketoestrone), Dr. G. Pincus (estrone-16, 6-ketoestrone, 
§-ketoestradiol, 16-ketoestrone, and 16-ketoestradiol), Dr. R. W. Bates 
(equilenin), and Dr. Huang-Minlon (17-desoxoestrone). 
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THE INABILITY OF LIVER HOMOGENATES TO 
CONVERT URIC ACID TO ALLOXAN* 


By R. R. GRUNERT} anp PAUL H. PHILLIPS 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison, Wisconsin) 


(Received for publication, January 29, 1951) 


Ever since the diabetogenic activity of alloxan was reported (1), the 
question of its biological origin and its possible relationship to the etiology 
of diabetes mellitus has been considered. The compound most frequently 
mentioned as a source of alloxan, and investigated here, was uric acid 
|-4). The structural similarity and conversion of uric acid to alloxan by 
iidie oxidation (5) supported this theory. The demonstration that uric 
id was diabetogenic in methionine-deficient rabbits (3, 6) indicated fur- 
ther that a deficiency of sulfhydryl groups was necessary for the possible 
irmation of alloxan. Although uric acid was known to be quantitatively 
widized by the enzyme uricase to allantoin (7, 8) the mechanism was dis- 
puted as to the number of enzymes involved (9-11). It was generally 
agreed, however, that an unstable oxidation product was formed which, 
upon hydration and decarboxylation, formed allantoin. The possibility 
that alloxan instead of allantoin would arise from the unstable oxidation 
product under abnormal sulfhydryl conditions appeared likely. Therefore 
the possibility of conversion of uric acid to allantoin in vitro was studied 
nan attempt to demonstrate the formation of alloxan in the absence of 
adequate sulfhydryl groups. 





EXPERIMENTAL 


Adult male rats were stunned and decapitated and a portion of the liver 
immediately removed and cooled on ice. A 10 per cent homogenate was 
wrepared in 0.154 m KCl and 0.001 m K3PO,4 with a Potter-Elvehjem ho- 
nogenizer at 0-4°. The experiments were carried out in 25 cc. Erlenmeyer 
faskks. The contents consisted of 50 mg. of liver (wet weight), 0.1 m 
potassium phosphate buffer (pH 7.4), the compounds indicated under “Re- 
alts,” and water to a final volume of 4 cc. All compounds were added in 
aqueous solution (redistilled water) neutralized to pH 7.4. The phenyl- 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Salt Producers Associa- 
tion, 

t Postdoctorate Fellow, National Institutes of Health. Present address, Bio- 
logical Laboratory, E. I. du Pont de Nemours and Company, New Brunswick, New 
Jersey. 
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hydrazine was twice recrystallized as the hydrochloride salt and fresh solu- 
tions were prepared at 0° immediately before each experiment. All manip. 
ulations to the point of incubation were carried out at ice bath temperature 
(0-4°). 

The flasks were equilibrated at 37° for 5 minutes before the substrate 
(uric acid) was added. Following an additional period of 30 minutes incu- 
bation with shaking at 120 beats per minute, 1 cc. of 10 per cent perchloric 
acid was added, the flasks were cooled in ice, and the contents filtered. 
When alloxan was to be analyzed, 1 cc. of 10 per cent trichloroacetic acid 
was used to stop the reaction. The clear perchloric acid filtrates and tri- 
chloroacetic acid filtrates were analyzed for uric acid by the direct absorp- 
tion method of Kalckar (12) and by a slight modification of the colorimetric 
method of Block and Geib (13), respectively, without the use of uricase. 
Allantoin was determined in a neutralized aliquot of either filtrate by a 
modification of the combined methods of Christman et al. (14) and Young 
and Conway (15). An aliquot of the trichloroacetic acid filtrate was ana- 
lyzed for alloxan according to the o-phenylenediamine colorimetric method 
of Archibald (16) after neutralization to pH 4.0 to 4.5 A 2 M acetate 
buffer was used in place of the sodium dihydrogen phosphate solution to 
maintain the pH at 4.5 during the color development. All experiments 
were well controlled to remove interference in the analyses by the com- 
pounds other than uric acid, allantoin, or alloxan that were present. 

Methionine-deficient animals were obtained by feeding 5 week-old rats 
a methionine-low semisynthetic ration consisting of 18 per cent e-protein,! 
73 per cent sucrose, 4 per cent Salts IV (17), 5 per cent corn oil, and all 
the known B vitamins except vitamin By. for a 7 week period. The con- 
trol animals received a supplement of 0.3 per cent pi-methionine. Addi- 
tional controls were provided by using 18 per cent casein as the source of 
protein. 


Results 


The demonstration that uric acid was diabetogenic only in methionine- 
deficient animals (3, 6) suggested that a lack of sulfhydryl groups might 
result in the abnormal formation of alloxan from uric acid. Accordingly 
the effect of sulfhydryl inhibitors on the conversion of uric acid to allan- 
toin was studied. The results are shown in Table I. Of all the inhibitors 
studied (arsenite, iodoacetate, iodoacetamide, p-aminophenylarsine oxide, 
basic phenylmercuric nitrate, and phenylmercuric hydroxide) only arsen- 
ite, iodoacetate, and iodoacetamide inhibited the conversion of uric acid 

1 A purified protein fraction from soy beans obtained from The Glidden Company, 


Chicago. When fed at 18 per cent of the ration, it supplied 0.3 per cent methionine. 
In comparison 18 per cent casein supplied 0.6 per cent methionine. 
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to allantoin. The relatively high concentrations (0.01, 0.1, and 0.1 m re- 
spectively) required to demonstrate the inhibition were indicative of a non- 
enzymatic effect. In contrast the more powerful sulfhydryl inhibitors, the 
organic mercurial compounds, did not disrupt the conversion despite the 
slight inhibition of uric acid oxidation. The inhibition of uric acid oxida- 
tion by 0.001 m phenylmercuric hydroxide (15 per cent) was increased to 
23 per cent by a preincubation period of 20 minutes. It was increased 
further to 30 per cent when the concentration of the inhibitor was increased 
to 0.005 m. Within experimental error the conversion to allantoin was 
always quantitative. As may be seen in Table I, no alloxan was formed 
when the formation of allantoin was inhibited by arsenite, iodoacetate, or 


TaBLe | 


Effect of Sulfhydryl Inhibitors on Oxidation of Uric Acid and Formation of 
Allantoin and Alloxan 





Sulfhydry] inhibitor Concen- | Uric acid* | Allantoin 














| Alloxan 
tration oxidized formed | formed 
M uM uM uM 
|5 CLES eee ae reat ered anny Reaeine traitement arvearc ri 4.0 4.1 
RESOMILDE? ca 0 ch 555 scars Tas tare hs ae eT 0.01 3.6 Lo | 0 
Eee nt es 0.1 a | oe fiw 
WAG ACOA Ore 9 orks oo kee oe tomtoes 0.1 3.8 | 1.5 | 0 
p-Aminophenylarsine oxidef............... 0.005 3.8 | 4.0 
Basic phenylmercuric nitrate.............. 0.001 | 3.4 | 3.0 
Phenylmercuric hydroxide................. 0.001 | 3.3 | 3.0 





*4.8 um of uric acid in the system. 
+ Added as an aqueous suspension due to low solubility. 


iodoacetamide.? The inhibition of allantoin formation by the borate ion 
(19) was also studied. The results of Klemperer were confirmed, but in 
no instance was the formation of alloxan demonstrated. The suggestion 
that uric acid glycol (20) might be an intermediate in the conversion of 
uric acid to allantoin (19) led to its testing as a source of allantoin and al- 
loxan. Neither alloxan nor allantoin was formed from the synthetic uric 
acid glycol. 

The lack of formation of alloxan from uric acid under the abnormal 
sulfhydryl conditions induced by the above inhibitors was further sub- 


* When the solutions were analyzed for alloxan, 0.01 m phenylhydrazine was pres- 
ent as a trapping agent. The great instability of alloxan at pH 7.4 (18) necessi- 
tated, and the ketonic character of the C;-carbonyl permitted, the use of this rea- 
gent. When present at the above concentration, the recovery of added alloxan was 
quantitative (90 to 102 per cent). Furthermore the oxidation of uric acid was unin- 
hibited, provided fresh solutions of recrystallized phenylhydrazine hydrochloride 
were used (unpublished data). 
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stantiated by the data in Table II. There the ability of liver tissue from 
methionine-deficient rats to convert uric acid to allantoin is presented, 
The livers of rats which received a-protein for 7 weeks quantitatively con- 
verted uric acid to allantoin despite the decreased level of sulfhydry| 
groups (glutathione) known to occur in this deficiency (forthcoming pub- 
lication). Furthermore the oxidation of uric acid by the livers of the 
methionine-deficient rats was unimpaired (1.7 um per mg. of N compared 
to 1.6 um per mg. of N for the controls). Similar results were obtained 
when oxidized casein* was used as the source of a methionine-deficient 
protein for 2 weeks. 

A study of the reverse reaction (conversion of alloxan to uric acid) 
yielded further evidence against the existence of the uric acid-alloxan sys- 
tem in the rat liver. Under anaerobic conditions, in the presence of a 


TaB.eE II 


Conversion of Uric Acid to Allantoin in Vitro by Rat Liver, As Affected 
by Dietary Methionine Deficiency 





Protein supplement | Uric acid* oxidized | Allantoin formed 
uM per mg. N | uM Sa a v 7 
ENSUES VOD CT 2 1 RA es Paes ee 16+0.2¢ | 1.7 + 0.4f 
18 % is + 0.3 % pu-methionine...... 1.7 + 0.1 1.6 + 0.2 
1S} 945 °OoY cy Lae er ee 1.8 + 0.3 | 1.8 + 0.4 


* 4.8 um of uric acid in the system. 
} Standard error of the mean, four rats per group. 

reducing agent such as glutathione, alloxan and urea did not condense to 
form uric acid, even in the presence of a ready source of energy (adenosine- 
triphosphate). Substance 305 (22) was the immediate product in the re- 
action. Dialuric acid was not studied because of its insolubility.  In- 
stead alloxan-5-bisulfite, which hydrolyzed to dialurie acid under anaero- 
bie conditions in the presence of glutathione (unpublished data), was used. 
Again no uric acid was formed. Uric acid-glycol also failed to give rise 
to uric acid under reducing conditions. 


DISCUSSION 


The quantitative conversion of uric acid to allantoin by sulfhydryl-low 
liver homogenates from methionine-deficient rats, and the inability of sulf- 
hydryl inhibitors (with a few exceptions) to disrupt the conversion, suggest 
that uric acid cannot be considered a source of alloxan in the animal body. 
Even when the conversion was inhibited by the borate and arsenite ions, 


3 Prepared according to Bennett and Toennies (21) and supplemented with 0.25 
per cent pi-tryptophan. 
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iodoacetate and iodoacetamide, no alloxan was synthesized. Although As- 
coli and Izar (23) claimed that dog liver was able to convert uric acid to 
dialuric acid, a readily oxidizable simple reduction product of alloxan, 
their conclusions were not justified from the data presented. Further- 
more their synthesis of uric acid from dialuric acid and urea by dog liver 
failed to be confirmed by Calvery (24) and Oikawa (25). The failure of 
rat liver to convert alloxan to uric acid is further evidence against the 
existence of the uric acid-alloxan system. The use of other tissues was 
not considered because of the report (26) that only the liver of the rat 
possessed uricase activity. The apparent non-existence of the uric acid- 
alloxan system, indicated by the data, is not in agreement with the possible 
uric acid conversion to alloxan thought to occur after the injection of uric 
acid into methionine-deficient rabbits (3, 6). That there is a species dif- 
ference is realized, but it should be noted that Williams and Bailey (27) 
failed to confirm Griffiths’ work. A testing of the metabolism of uric 
acid in vitro by rabbit liver under the above conditions would have to be 
conducted before conclusive statements could be made. 

The significance of these findings is that the heretofore suggested source 
of alloxan, urie acid (1-4), is in doubt. Despite the similarity in chemical 
structure, it is felt that alloxan does not arise from uric acid. What the 
source is cannot be stated at present. A possibility exists that some com- 
pound, other than alloxan, is the active agent which destroys the 6-cells of 
the islets of Langerhans. If this were so, the problem of its source would 
have to await its identification. 


SUMMARY 


1. Sulfhydryl inhibitors did not affect the conversion of uric acid to 
allantoin by rat liver homogenates in vitro, despite the variable inhibition 
of uric acid oxidation. 

2. Liver homogenates from methionine-deficient rats permitted the quan- 
titative conversion of uric acid to allantoin. 

3. Alloxan, or dialurie acid, and urea did not condense to form uric acid 
in the presence of glutathione. 
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From the studies of Kunitz and Northrop (1, 2) and of Jacobsen (3) it 
is known that chymotrypsin can exist in a number of active forms which 
have been designated as a, 8, and y (2) and, in addition, 6 and x (3). Las- 
kowski and his collaborators (4-7) isolated a second form of the inactive 
zymogen, chymotrypsinogen B, and still another active enzyme which was 
named chymotrypsin B. The earlier form of chymotrypsinogen was 
called a in conformity with the designation of its active form, chymotryp- 
sin a. The a and B series of proteins are distinguished by differences in 
method of preparation, solubility, electrophoretic mobility, and isoelectric 
point (4-7). The active enzymes, chymotrypsins a and B, possess a simi- 
lar action on synthetic substrates (8), but the B enzyme has a somewhat 
slower action on casein (6). 

The present investigation of sedimentation behavior in the ultracen- 
trifuge and of diffusion was undertaken in order to characterize further 
chymotrypsin B and its zymogen and to compare them with the a proteins 
under similar conditions. It was found that chymotrypsinogens a and B 
yield similar sedimentation and diffusion constants and, therefore, have 
the same molecular weight: We have confirmed the finding of Schwert 
(9) that solutions of chymotrypsin a contain a mixture of monomeric and 
dimeric forms. Although ‘chymotrypsin B shows a similar behavior at 
some pH values, it does exhibit monomeric behavior at pH 4. This has 
permitted a determination of the sedimentation and diffusion constants 
of this protein. It has been concluded from our data that the four pro- 
teins, the two zymogens and the two active enzymes, have the same size 
and shape in the monomeric form. 


EXPERIMENTAL 


Chymotrypsinogen B was prepared by a modification of the original 
method of Laskowski (4) which incorporates the procedure of Kunitz (10) 


* This investigation was aided by research grants from the National Institutes of 
Health, United States Public Health Service. 
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for the isolation of desoxyribonuclease.! Fresh pancreas was treated ex- 
actly as described by Kunitz up to the stage at which no further 0.7 satu- 
rated ammonium sulfate precipitate was obtained; this contained most of 
the desoxyribonuclease. The 0.5 saturated ammonium sulfate precipitate 
still containing Celite was redissolved in 3 volumes of 0.2 saturated am- 
monium sulfate, brought to pH 4 with 5 m HCl, and stirred mechanically 
at low speed for 2 hours at 5°. The Celite and the small amount of in- 
soluble material were removed by filtration on a Buchner funnel with 
Whatman filter paper No. 1. The filtrate was brought to pH 5.3 and to 
0.5 saturation with solid ammonium sulfate; the resulting precipitate was 
collected as dry as possible on a Biichner funnel (Whatman No. 50 paper). 
The filtrate was discarded. 10 ml. of water were stirred with each 10 gm. 
of precipitate to produce a smooth paste and this was adjusted to pH 4 
by adding 1 m HCl (usually about 0.3 ml.). The cloudy liquid was dia- 
lyzed in a tight dialyzing bag first against distilled water and then against 
0.01 m acetate buffer at pH 5.5. Typical plates of chymotrypsinogen B 
and some amorphous material appeared after 2 days and crystallization 
was complete in 4 or 5 days.? The crystals were collected by centrifuga- 
tion or by filtration on hardened paper. A further crop of crystals was 
obtained by reducing the volume of the mother liquor at pH 4.0 either by 
partial lyophilization or by partial evaporation im vacuo at room tempera- 
ture, followed by dialysis at pH 5.5. 

Recrystallization was performed as previously described (4). A small 
amount of water was stirred with the crystals to produce a paste and 0.1 
mM HCl was added dropwise to bring the solution to pH 4. If necessary, 
more water was added to achieve complete solution. The solution was 
then brought to pH 5.5 by slow addition of 0.1 m NaOH. Crystallization 
was complete in 24 hours. All preparations of chymotrypsinogen B were 
recrystallized four times. 

The activation of chymotrypsinogen B and the crystallization of chymo- 
trypsin B were performed by the method of Brown, Shupe, and Laskowski 
(6). Preparations of chymotrypsin B were recrystallized four times. 

Chymotrypsinogen @ and chymotrypsin a were prepared by the method 
of Kunitz and Northrop (1). The zymogen was recrystallized eight times. 

1A private communication from Dr. Kunitz to one of us (M. L.) stated that he 
had, independently and a few months later but prior to our publication (4), crystal- 
lized ‘‘a new pancreatic globulin’? obviously identical with chymotrypsinogen B. 
Since the details of this method are unknown, it is likely that the present procedure 
may be similar to that used by Dr. Kunitz. The present method is described only 
to indicate that chymotrypsinogen B and desoxyribonuclease can be efficiently ob- 
tained from the same batch of glands. 


2 If the first precipitate is amorphous, which happens occasionally, it is discarded 
and the liquid is transferred to a new dialysis bag. 
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After activation, crystalline chymotrypsin a was obtained and recrystal- 
lized four times. 

The proteins were prepared in Milwaukee and sent to Salt Lake City as 
lyophilized powders. The preparations were kept as dry powders until 
they were used. The proteins of the a series contained about 50 per cent 
ammonium sulfate, whereas those of the B series contained little salt. 


Sedimentation Studies 


For most of the experiments the dried powder was dialyzed at 2° against 
several changes of large volumes of buffer solutions for 1 or 2 days until 
ionic equilibrium was achieved. The protein content of the solutions was 
estimated refractometrically by assuming a refractive index increment of 
0.00184 for a 1 per cent protein solution. 

Acetate buffers at 0.2 ionic strength were employed in all the experi- 
ments. The buffer salt was used at 0.1 ionic strength and sodium chloride 
at 0.1 ionic strength. The pH of the protein solutions was determined 
with a glass electrode at room temperature. 

Sedimentation studies were made in the Spinco (Specialized Instru- 
ments Corporation) electrically driven model E ultracentrifuge, with the 
controls and procedures previously described (11). All runs were per- 
formed at 59,780 r.p.m., which is equivalent to centrifugal fields of ap- 
proximately 240,000 X g and 300,000 X g at the meniscus and base 
respectively. The temperature of each run was taken as the average for 
the time when photographs were made and then corrected to 20°. The 
runs were made at temperatures of 19-25°. The results are given in Sved- 
berg units (S = 1 X 10~) and incorporate the usual corrections for the 
density and viscosity of the medium (12). 

Chymotrypsinogen a and B—Representative sedimentation patterns of 
these proteins are shown in Fig. 1, A and B. It is apparent that both 
proteins are highly homogeneous and show symmetrical boundaries. 
Values of seo... are shown in Fig. 2, and indicate only a small influence of 
protein concentration on the sedimentation constant. The lines drawn 
through these data were calculated by the method of least squares and 
give extrapolated values of soo, at zero protein concentration of 2.53 S 
for chymotrypsinogen a and 2.49 S for the B protein. 

The data for chymotrypsinogen a are very similar to those described by 
Schwert (9) who found 2.66 8 for the extrapolated value at zero concentra- 
tion. The difference is about 5 per cent, which can be considered satis- 
factory. However, it may be noted that our results are in slightly better 
agreement with the measurements given in Schwert’s paper by Taylor, 
who found sy, at a concentration of 1 per cent to be 2.54 and 2.42 S, and 
by Volkin who obtained 2.43 S. Our value at 1 per cent, obtained by 
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interpolation, is 2.49 S, whereas that of Schwert is 2.60 S. It is satisfying 
to note the excellent agreement in the sedimentation constants for this 
protein obtained in the four laboratories. 
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Fic. 1. Representative tracings of photographs obtained during sedimentation 


analyses. The arrow shows the direction of radial migration. No significance | 


should be attached to the absolute heights of the boundaries, since the bar angle 
was changed during the various runs in order to achieve greater magnification. A, 
chymotrypsinogen a at pH 4.0 and a protein concentration of 1.06 per cent; the first 
picture was taken 34 minutes after reaching full speed, subsequent exposures at 16 
minute intervals. B, chymotrypsinogen B at pH 4.0 and 1.6 per cent; the first pic- 
ture at 36 minutes after reaching full speed, later ones at 16 minute intervals. (, 
chymotrypsin B at pH 4.0 and 0.84 per cent; the first picture at 32 minutes after 
attaining full speed, subsequent ones at 16 minute intervals. D, chymotrypsin B 
at pH 5.4 and 1.3 per cent; the first picture is at 29 minutes after reaching full speed, 
later ones at 16 minute intervals. H, chymotrypsin B at pH 6.8 and 1.25 per cent; 
the first picture is at 46 minutes, later ones at 16 minute intervals. F, chymotrypsil 
a at pH 4.0 and 1.4 per cent; the first exposure at 42 minutes, later ones at 16 minute 
intervals. 


The good agreement among the sedimentation data for the zymogens 
a and B indicates that these proteins cannot be distinguished by their be- 
havior in the ultracentrifuge. 

Chymotrypsin B—As may be seen in Fig. 1, C, D, and E, this protein 
does not show the presence of significant inhomogeneity and gives sedi- 
mentation patterns which simulate the behavior of a single molecular 
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ying | species. The data of Fig. 3 demonstrate that at pH 4.0 the active enzyme 
this | behaves in much the same manner as the zymogen. There is a small 
change iN 829,. with protein concentration. The extrapolated value ob- 
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Fic. 2. Sedimentation constants (82,4) of chymotrypsinogens @ and B as a func- 
tion of protein concentration. The measurements were made at pH 4.0 in an acetate 
buffer at 0.2 ionic strength. 


























2.8 pH 4.0 
° ° 
26F 
24+ 
tation ‘es 3.4P 
on a see 
a = = 
n A a ¥ + e 
« hy o 7 
re first 5 28 4 + pH 4.8 
' a 3 26 ae 
at wie 
ls. ¢, Gh 30F 
s after = 28+ e 
psin B S 
speed, w 2-6 pH6.8 
t oat ° . 
r cent; q 
° 1 l 1 1 
iryppsia 05 10 15 20 
minute Conc. Chymotrypsin 8~ per cent 


Fig. 3. The sedimentation constant (820.0) of chymotrypsin B as a function of 
1ogens protein concentration. The measurements were made in acetate buffers at 0.2 ionic 
pir be. Strength (see foot-note 1). 


tained from the line calculated by least squares is 2.65 S at zero protein 
concentration. Although this value is slightly higher than that obtained 
for chymotrypsinogen B, the difference is not statistically significant, since 
the average deviation is about 2 per cent in each instance. 
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At values higher than pH 4.0, the behavior of chymotrypsin B becomes 
more complex, since the sedimentation constant markedly increases with 
protein concentration. This phenomenon has already been observed by 
Schwert for chymotrypsin a and was correctly ascribed by him as due 
to the formation of dimers. Our data for the B enzyme at pH 4.8 and 
5.4 give an average value for 82, of 3.1 S at protein concentrations be- 
tween 0.4 and 1.9 per cent. The line has arbitrarily been extrapolated to 
2.65 S at zero protein concentration. Unfortunately, the region of low 
protein concentration (less than 0.2 per cent) at which s2,,, changes most 
rapidly does not lend itself to accurate measurements. 

The data? at pH 6.8 are similar to those obtained at pH 4.8 and 5.4 in 
so far as there is a clear evidence of dimer formation at high protein con- 
centrations. However, the determinations are satisfactorily described by 
the straight line calculated by least squares. The value at zero protein 
concentration is 2.52 8. From these limited data, it is evident that the 
monomer is the form which predominates at low protein concentrations 
near the pH region in which the enzyme is active. 

Further studies of the monomer-dimer relationship will perhaps be best 
explored in a somewhat different manner. It is apparent that the data 
obtained for chymotrypsin B at pH 4.8 and 5.4, and those for chymotryp- 
sin a which are described below, show a somewhat greater scatter than 
that found when only the monomeric form is present. Attempts to cor- 
relate these variations with the method of handling these proteins sug- 
gested that the time taken for dialysis was an important factor; namely, 
the longer the dialysis, the higher the value of s2,,. This was directly 
tested in experiments with chymotrypsin B, since dried preparations of 
this protein contained negligible amounts of salt. A sample of the protein 
was dissolved in 0.2 m acetate buffer at pH 5.4 to give a concentration of 
0.5 per cent and immediately run in the centrifuge at an average temper- 
ature of 23°. The first picture was obtained about 1 hour after the solu- 
tion was made and photographs were taken for another 64 minutes. The 
value of 820, was 2.76 S, which is considerably lower than the average 
value of 3.1 S obtained at this pH after dialysis for 36 to 48 hours. Since 
the protein was not in complete ionic equilibrium with the buffer, the value 
is probably a little too high, since the full density and viscosity correction 
was applied. The same solution was run again after an additional 24 
hours at 5° and gave 820, = 2.96 S, which is in good agreement with ear- 
lier observations. 


3 Although acetate has no buffering capacity at pH 6.8, 0.1 m sodium acetate and 
0.1 m sodium chloride were present to give essentially the same ionic environment as 
in the other experiments. 
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A similar set of runs was made at pH 6.8 in 0.2 M acetate buffer. The 
first run made 1 hour after solution of the protein gave 8, = 2.52 S ata 
concentration of 0.65 per cent. Another determination, made 24 hours 
later, gave S20, = 2.688. The data in Fig. 3 at this pH and protein con- 
centration indicated, by interpolation, s20,.. = 2.74 S. 

It is apparent from these results that instantaneous solution of the dry 
crystalline material yields a predominance of the monomeric form of the 
protein, with a sedimentation constant of about 2.68. The formation of 
the dimeric chymotrypsin B is evidently a slow process which depends on 
pH and protein concentration. Dimerization does not occur at pH 4.0, 
occurs relatively poorly at pH 6.8, and is much more sensitive to protein 
concentration in the region near pH 4.8 to 5.4. The conclusion that an 
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Fic. 4. Sedimentation constants (s20,~) of chymotrypsin a as a function of pro- 
tein concentration at three pH values in acetate buffers of 0.2 ionic strength. 


ionic group is involved in this process is an obvious one and the observed 
changes with pH are consonant with the highly tentative inference that the 
group concerned has a pK value in the neighborhood of pH 5; this suggests 
the participation of an imidazole group. 

Chymotrypsin a—The sedimentation data obtained at three pH values 
with this protein are shown in Fig. 4 and a representative set of sedimen- 
tation patterns is illustrated in Fig. 1, F. In spite of the apparent scatter, 
no determination deviates from the empirical curve drawn through the 
data by more than 3 per cent. The curve has been tentatively and 
arbitfarily extrapolated to 2.65 S at zero protein concentration only to 
show that the behavior of this enzyme can be assumed to be similar to 
that of chymotrypsin B. Nevertheless, it is apparent that dimer forma- 
tion for the a protein has a different pH dependence, since the behavior 
over the range investigated is identical, whereas the B protein yields only 
the sedimentation constants characteristic of the monomeric form at pH 
4.0. It is perhaps desirable to note that the isoelectric point of chymo- 
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trypsin B has been found to be at pH 4.7, whereas that for chymotrypsin 
a is at pH 8.3 in buffers of 0.1 ionic strength (7). 

Our data for the sedimentation behavior of chymotrypsin a with pH 
differ somewhat from those given by Schwert (9). No stress need be 
placed on most of these differences, since it is apparent that kinetic factors 
and pretreatment of the enzyme undoubtedly influence the tendency of 
the protein to form dimers. However, it is felt that the extrapolated 
value of 2.34 S for szo,.. at zero concentration inferred by Schwert is far 
too low to be in line with the data for the two chymotrypsinogens and for 
chymotrypsin B. 

An attempt was made to determine whether chymotrypsins a and B 
would sediment independently under conditions in which the a protein 
was predominantly in the dimeric form and the B protein in the mono- 
meric. A 1:1 mixture of the two proteins was made at pH 4.0 at a total 


Fia. 5. Tracings of photographs obtained during a sedimentation run of a 1:1 
mixture of chymotrypsins a and B at a total protein concentration of 1.3 per cent in 
acetate buffer at pH 4.0. The single sedimenting boundary yields s20,, = 2.55 §, 
which is characteristic of the monomeric chymotrypsin B. The first exposure was 
made 40 minutes after reaching full speed, later ones at 16 minute intervals. 


protein concentration of 1.3 per cent. Only a single sedimenting bound- 
ary which was highly symmetrical could be observed (Fig. 5). The value 
Of S20,» Was 2.55 8, which is completely characteristic of the monomeric 
chymotrypsin B under these conditions. If each protein behaved inde- 
pendently, it could not be anticipated that a complete resolution of the 
two boundaries would be obtained. Rather, one would expect that the 
observed sedimentation constant would be intermediate between the 
values for the two proteins; 7.e., between an S20, of 2.6 S and 3.1 S. The 
finding of so, = 2.55 S suggests that the presence of chymotrypsin B 
prevents the dimerization of the a protein. 


Diffusion Studies 


These measurements were performed in the electrophoresis cell by the 
procedure of Longsworth (13) from photographs taken by the schlieren 
scanning method. Results were calculated by the formula D = A’ 
(4nrtH?), where A is the area under the curve, H the maximal height, | 
the time in seconds, and D the diffusion constant in sq. em. per second. 
These studies were made at pH 4.0 in an acetate buffer of 0.2 ionic strength 
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which contained 0.1 m sodium chloride. The measurements were made 
at 1.5° and corrected for the difference in viscosity and temperature in 
the usual way (13). The two halves of the cell were used separately, 
giving duplicate determinations for each protein. Five to seven photo- 
graphs were taken at intervals of 18 to 96 hours and the average diffusion 
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Fic. 6. A representative diffusion run for chymotrypsin B in which the reciprocal 
of the maximal height of the boundary (H) is plotted against the square root of the 
time (t) in seconds. The data show that the diffusion process has been normal, since 
the straight line passes through the origin. 


Tas_e I 
Diffusion Constants of Chymotrypsinogen and Chymotrypsin 








Protein | Concentration | Di.s°,4 X 10? | D20,w X 107 
per cent | Sq. cm. per sec. Sq. Cm. per sec. 
Chymotrypsinogen a.............. | 1.12 5.31 10.48 
~ Sle a atures Sat ae ees | 1.12 5.10 10.0 $3 
we eee ee | 1.20 5.25 10.3 
* Wve haaeceee | 1.20 5.48 10.7444 
Chymotrypsin B.................. | 1.30 5.11 10.0 {@ 
a chute 1.30 4.97 9.7] 











constant was obtained from the plot of 1/H against ./t. A representative 
tun is shown in Fig. 6 for chymotrypsin B. For all the measurements, 
satisfactory straight lines which passed through the origin were obtained. 
The data for the three proteins studied are given in Table I. 

It is apparent that the average constants for chymotrypsinogens a and 
B (Deo. = 10.2 X 1077 and 10.4 X 10-7 sq. cm. per second) may be re- 
garded as identical. However, these values are considerably higher than 
those reported earlier. The value obtained by Kunitz and Northrop (1) 
dy the porous disk method gives Doo, = 7.9 X 1077 sq. cm. per second 
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after conversion to these units. Oncley (14) cites the value 7.9 « 107 
sq. em. per second obtained by Hess and Williams. An unpublished ob- 
servation by Schwert is given as 8.9 X 10-7 sq. cm. per second (15). 

The average value obtained for chymotrypsin B (9.9 X 1077 sq. em. per 
second) is slightly, but not significantly, lower than that found for the 
chymotrypsinogens. This protein has not been previously studied and it 
is impossible to compare our result on chymotrypsin B with the values 
obtained earlier on the a protein since the latter is now known to exist 
as a mixture of monomeric and dimeric forms under the conditions used. 


Molecular Weights 


Values for the molecular weight (7) and frictional ratio (f/fo) for the 
three proteins which can be studied in the monomeric form are given in 
Table II. These were obtained from the usual equations given by Sved- 











TaB_e II 
Physical Constants for Chymotrypsinogens and Chymotrypsin 
Protein $20,w D20,w X 107 Mol. wt. ¢ 
‘Seelliong watie sq. cm. per pan 
Chymotrypsinogen a.. ai 2.5 10.2 22 ,000 
se B... 2.5 10.4 21,600 
Chymotry pam: 2... 0.25.2! 2.6* 9.9 23 ,600 














* Average of extrapolated values at pH 4 and 6.8. 


berg and Pedersen (12) with the value 0.73 for the partial specific volume 
cited by Schwert (9) for chymotrypsinogen a; this value has been assumed 
for all the proteins. 

It is important to note that the values for the frictional ratio calculated 
for the three proteins are among the lowest which have been described 
(12). These low values are also reflected in the small effect of protein 
concentration on S29, observed for the two zymogens and for chymotryp- 
sin B at pH 4 (Figs. 2 and 3). It is evident that these proteins must be 
highly symmetrical in shape. If it is assumed that the dissolved proteins 
are hydrated to the extent of 25 per cent, the molecules must be spherical. 
If these molecules are unhydrated, the axial ratio for an ellipsoid can be 
no greater than about 3:1 as indicated by the contour lines calculated by 
Oncley (14). 

It is apparent that the values of M and f/fo are similar for the three 
proteins and that we may regard their size and shape as being very nearly 
the same, if not identical. The sedimentation data for chymotrypsin « 
are consistent with the view that the monomers of this substance also 
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have a Similar size and shape. Unfortunately, diffusion data cannot be 
obtained for this protein. 

Chemical studies of the trypsin-catalyzed activation of chymotrypsino- 
gen a to chymotrypsin a made by Kunitz and Northrop (1) and by Jacob- 
sen (3) have been interpreted by these investigators as indicating a scission 
of about 4 internal peptide bonds during the transformation without sig- 
nificant degradation of the molecule. This supports the view that the a 
enzyme must be of the same size as the zymogen and have a very similar 
configuration. 

McLaren and Finkelstein (16) have briefly noted that chymotrypsin a 
has a sedimentation constant of 3.31 S at pH 4.52, a result which is in 
good agreement with our observations and those of Schwert (9). It is 
noteworthy that after irradiation at wave-length 2537 A the value fell to 
2.61 8. This is in excellent agreement with determinations for the other 
monomeric molecules and suggests that chymotrypsin inactivated by ultra- 
violet radiation cannot form dimers. 

No attempt will be made to review here the older studies on chymotryp- 
sin a and its zymogen; these have been summarized by Oncley (14) and 
by Neurath and Schwert (15). The self-consistency of our data for the 
three proteins studied and the general agreement of our data on chymo- 
trypsinogen a with those of Schwert give strong support to the view that 
all the proteins possess a molecular weight of about 22,500 rather than the 
much higher values obtained earlier. The analytical data of Brand and 
Kassell (17), previously interpreted as indicating a molecular weight of 
about 37,000 for chymotrypsinogen a, also yield excellent figures for the 
smaller molecular weight. The data for methionine, tyrosine, tryptophan, 
and half cystine yield an average molecular weight of 23,600 + 800. 


SUMMARY 


1. Chymotrypsinogens a and B behave as homogeneous substances in 
the ultracentrifuge and give identical sedimentation constants (s20,,) of 
2.5 Svedberg units as found by extrapolation to zero protein concentra- 
tion. The diffusion constants of the a and B proteins are 10.2 xX 107 
and 10.4 X 10-7 sq. em. per second. 

2. Samples of chymotrypsin B yield at pH 4 an extrapolated value of 
2.6 Svedberg units for s20,y and a diffusion constant of 9.9 X 1077 sq. em. 
per second. At higher pH the sy0,, values reflect the presence of dimers. 
Dimerization in solution is a slow process, inasmuch as observations on 
samples made soon after solution show predominantly monomers, whereas 
the same solutions show dimer accumulation after standing. 

3. The sedimentation constants of chymotrypsin a@ reflect the presence 
of a mixture of monomers and dimers at all pH values tested. Never- 
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theless, the behavior at low protein concentration indicates that the mono- 
meric form of this protein has the same sedimentation constant as the B 
protein. 

4. Calculated molecular weights of chymotrypsinogens a and B and 
chymotrypsin B show that these are all of the same size, 22,500, and evi- 
dence is cited which indicates that the monomeric form of chymotrypsin 
a also has this molecular weight. These proteins have a small frictional 
ration (f/fo = 1.12), which reflects a high degree of symmetry. 
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PROTEOLYTIC ACTIVITY OF PITUITARY EXTRACTS* 


By ELIJAH ADAMS} anp EMIL L. SMITH 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
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of Medicine, Salt Lake City, Utah) 
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Although proteolytic enzymes have been described in many vertebrate 
tissues, little systematic attention appears to have been directed toward 
the proteases of endocrine tissues in general and of pituitary in particular. 
Since it has been proposed that intracellular proteolytic enzymes may 
participate in protein synthesis (1), studies of such enzymes extractable 
from pituitary are of evident interest in connection with their possible 
rle in the synthesis of the several proteins recognized as tropic hormones. 
It is the purpose of this paper to report the presence of a number of pep- 
tidases in several pituitary preparations, and to describe two types of 
pituitary proteinases. 


Peptidases 


Materials and Methods—Various hog and beef pituitary preparations! 
were used for studies of peptidase activities. Aqueous extracts were pre- 
pared in a 5° cold room by grinding in a mortar samples of each tissue 
preparation with 10 volumes of chilled water, bringing the suspension to 
pH 7.6 to 8.2 with 0.1 m NaOH, and centrifuging and discarding the in- 
soluble residue. In most instances extracts were further clarified by fil- 
tration with Celite. 

Peptidase activity was measured by the titration of liberated carboxyl 
groups essentially as described by Grassmann and Heyde (2). Tissue 
extracts were incubated at 40° in the presence of a suitable buffer (usually 
veronal at pH 7.5), the appropriate metal activators at 0.002 to 0.04 m, 
and the substrate at 0.05 mM, except for racemic compounds which were 
used at 0.1 mM. At intervals, 0.2 ml. aliquots of the test solutions were 
titrated to the thymolphthalein end-point with 0.01 m KOH in 90 per cent 
ethariol. Activity is expressed as the first order rate constant K,, cal- 
culated in decimal logarithms. (C,, the proteolytic coefficient, is defined 

* This investigation was aided by research grants from the National Institutes 
of Health, United States Public Health Service. 
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as K,/E, where E is the concentration of protein N in mg. per ml. of test 
solution, as determined from analyses by the micro-Kjeldahl method. 

For the assay of prolidase or leucine aminopeptidase, tissue extracts 
were incubated with 0.04 to 0.02 m MnCl, for several hours at 40° before 
addition to the substrate-containing test solution (3, 4). 

Prolidase and Leucine Aminopeptidase—Since the activation character- 
istics and specificity of the enzymes hydrolyzing L-leucinamide and glycyl- 
L-proline have been well defined (4-6), these substrates were employed 
most extensively. Distinct hydrolytic activity toward both substrates 
was observed in all types of preparations examined, and assays for differ- 
ent lots of similar material were in close agreement. It will be noted 
(Table I) that clear-cut activation was produced by Mn in all instances, 
and that the substrates L-leucylglycylglycine and t-leucyl-G-alanine were 
also hydrolyzed at a significantly greater rate in the presence of Mn*, 
Similarly, the ratio of proteolytic coefficients for the hydrolysis of glycyl- 
L-proline arid glycylhydroxy-L-proline, Cep/Cenp, has a value of 8.4 for 
extracts of lyophilized anterior hog pituitary, in agreement with the range 
of 7.3 to 9.1 for this ratio reported for a number of other tissues (4, 5). 
These observations indicate the close relationship of pituitary prolidase 
and leucine aminopeptidase with similar enzymes from other sources (4-6). 

It is of interest to compare the level of activity of these two peptidases 
in crude pituitary extracts and in similar extracts of other tissues. Crude 
extracts of hog intestinal mucosa (5), the usual source of prolidase and 
leucine aminopeptidase, have about the same C values as extracts of the 
pituitary preparations studied, although at least one preparation (lyophil- 
ized anterior hog pituitary) showed distinctly higher activities for these 
two peptidases than did hog intestinal mucosa. Similarly, activities of 
these enzymes in pituitary extracts have equaled or exceeded those re- 
ported for skeletal, heart, and uterine muscle of several species (7). 

Prolidase and leucine aminopeptidase of lyophilized anterior hog pitu- 
itary are readily separated by fractionation with acetone. Leucine amino- 
peptidase activity was concentrated in the fraction soluble at 33 per cent 
acetone and insoluble at 50 per cent acetone (3-fold purification, 34 per 
cent yield), whereas prolidase activity appeared chiefly in the fraction 
soluble at 50 per cent acetone and insoluble at 75 per cent acetone (2-fold 
purification, 35 per cent yield). Similar solubility characteristics in ace- 
tone have been noted for the same enzymes in extracts of hog intestinal 
mucosa and were made the basis for their separation and purification from 
the latter tissue (5). 

Other Peptidases—Table II presents assays of hydrolytic activity to 
ward a variety of peptide substrates in which kinetic data were sufficiently 
regular to permit the calculation of a first order rate constant. The gly: 
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cylglycine dipeptidase activity present in various pituitary preparations 
shows the same distinct activation by Co+* as do similar enzymes of other 
tissues (7). Data for the remaining peptides hydrolyzed, while insufficient 
to yield reliable information as to optimal metal activation, are included 
to indicate the variety of dipeptidase activities found in these preparations. 


Tase I 
Leucine Aminopeptidase and Prolidase Activity of Pituitary Extracts 

















| , Proteolytic 
| Protein coefficient 
Preparation Py poo Substrate 
-_ Mn+ lect 
| mg. 
Acetone-dried entire pi- | 0.20 | L-Leucinamide 0.016 | 0.006 
tuitary, hog | t-Leucylglycylglycine 0.013 | 0.007 
| L-Leucyl-8-alanine 0.008 | 0.002 
| 0.50 | Glycyl-L-proline 0.018 |}<0.001 
lyophilized entire pitui- | 0.26 | u-Leucinamide 0.015 | 0.005 
tary, hog Glycyl-u-proline 0.013 | 0.001 
Lyophilized anterior pi- | 0.22 | t-Leucinamide 0.029 | 0.012 
tuitary, hog | L-Leucylglycine 0.036 | 0.007 
| L-Leucylglycylglycine 0.045 | 0.036 
L-Leucy]-8-alanine 0.019 | 0.004 
| 0.44 Carbobenzoxy-t-leucylglycine | <0.001 |<0.001 
| 0.22 | Glycyl-L-proline 0.036 | 0.006 
| 0.44 | Glyeylhydroxy-t-proline 0.0043) 0.001 
lyophilized posterior pi- | 0.21 | t-Leucinamide | 0.003 | 0.002 
tuitary, hog | Glycyl-u-proline 0.015 | 0.002 
Lyophilized anterior pi- | 0.25 | L-Leucinamide 0.007 
tuitary, beef | | Glycyl-u-proline | 0.007 
lyophilized posterior pi- | 0.19 | L-Leucinamide 0.010 
tuitary, beef | | Glycyl-.-proline | 0.005 








Proteinases 


Materials and Methods—Studies of proteinase activity were largely lim- 
ited to lyophilized anterior hog pituitary, extracted as described for the 
peptidases. Activity was assayed by a method essentially that of Anson 
8) as.modified by Kunitz (9), with twice crystallized horse hemoglobin 
as substrate. The incubation system contained 1 ml. of a buffered 2.2 
per cent solution of hemoglobin denatured by urea (8), aliquots of the 
tissue extract to be assayed, and water or other solutions to a final volume 
of2 ml. Test solutions were incubated at 40° for 10 or 20 minutes, and 
the reaction was stopped by the addition of 2 ml. of 5 per cent trichloro- 
acetic acid. Blank solutions, identical in final composition with each in- 
cubation system, were prepared by adding to the incubated substrate 
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ent at 0.001 to 0.002 m. 


PITUITARY PROTEASES 


TaBLeE II 
Hydrolysis of Various Peptides by Aqueous Extracts of Pituitary 
Test solutions buffered with veronal at pH 7.5 except as noted. Metal ions preg. 





Protein | 

















| 


Preparation Reg el Substrate 
solution 
mg. 

Acetone-dried 0.5 | Glycylglycine 
entire pitui- Glycyl-p.-phen- 
tary, hog ylalanine* 

Glycyl-pL-valine* 
1.0 | Glycylglycylgly- 
cine 
Glycyl--leucine* 
Glycyl-.-alanine* 
pi-Alanylgly- 
cine* 

Lyophilized en- | 0.64 | Glycylglycine 
tire pituitary, Glycylglycylgly- 
hog cine 

Lyophilized an- | 0.66 | Glycylglycine 
terior pitui- Glycylglycylgly- 
tary, hog cine 

Glycyl-.-leucine 
Glycyl-pL-valine 
Glycyl-pL-phen- 
ylalanine 
pui-Alanylglycine 

Lyophilized pos-| 0.2 | Glycylglycine 
terior pitui- Glycylglycylgly- 
tary, hog cine 

Glycyl-.-leucine 

Glycyl-pi-valine 

Glycyl-pL-phen- 
ylalanine 

Acetone-dried | 0.18 | Glycylglycine 
posterior pi- Glycyl-.-leucine 
tuitary, beef 

Lyophilized an- | 0.21 | Glycylglycine 
terior pitui- Glycylglycylgly- 
tary, beef cine 

| | Glycyl-pt-valine | 
Glycyl-t-leucine 


| 0.18 | 





* Test solutions buffered with phosphate at pH 7.5. 


Proteolytic coefficient 
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'<0.0001 
0.0003 
0.011 (Znt+) | 0.0006 
| 0.0006 


0.0068 (Zn*+) | 0.0025 
0.0004 (Mg++) 0.0002 
<0.0001 (Zn**) | 
0.0009 (Mg**)| 
0.0008 (Zn*+) 
0.0010 (Fet+) | 
<0.0001 
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0.0034 
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0.0004 
0.0042 
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solution aliquots of trichloroacetic acid which contained the tissue extract. 
Both blank and test solutions were kept at 40° for 1 hour after trichloro- 
pres- | acetic acid precipitation and then filtered. 1 ml. aliquots of each filtrate 

were diluted to 3 ml. with water and their absorption at 280 my deter- 
| mined in a Beckman spectrophotometer. Activity was expressed as the 
optical density increment of incubated solutions over that of corresponding 


























nan blanks. 
Aqueous extracts of lyophilized anterior hog pituitary hydrolyzed hemo- 
ooo, | gobin over a wide pH range. Distinct peaks at pH 3.8 and 8.3 suggested 
0003 | the presence of at least two proteinases in these crude extracts (Fig. 1). 
).0006 
) 0006 205+ 
in 
).0025 vg 
4 
0002 3° 
0.0004 -O3- 
7p) 
rt 
a0.2+- 
0.0001 2 
ia SOIL 
& 
0.0004 So 
0.0043 3 8 9 10 
pH 
0.012 


0.0034 Fig. 1. Hemoglobin-splitting activity of crude anterior pituitary extract as a 
0. 0033 function of pH. Points of Curve A determined by incubating 0.8 ml. aliquots of 

extract of lyophilized tissue for 20 minutes at 40° with 1 ml. of hemoglobin solution 
0.0078 in 2 ml. of final volume. Curve B is the same with 0.2 m phosphate. @, 0.04 m 


0.0004 citrate buffer; A, 0.13 mM acetate buffer; m, 0.008 m glycylglycine buffer; @, 0.04 m 
0. 0042 glycine buffer. 


Further evidence for the existence of two enzymes arose from the obser- 
0.014 | vation that 0.2 m phosphate markedly inhibited hemoglobin hydrolysis in 
0.0039 : é Pa i 
o.oo} the high pH range, but had only slight inhibitory effect on proteinase 
activity corresponding to the optimum at pH 3.8 (Fig. 1).? 

With the recognition of at least two proteinases in crude extracts, the 
initial assay conditions were evaluated separately for each pH region. 
ae ovot | With a standard incubation time of 20 minutes, the proteinase activity 

o.oo; °Ptimal at pH 8.3 was linear with enzyme concentration (ml. of extract 


| per ml. of test solution) to activity values as high as 0.5 optical density 
0010 | ; ; eae 
0005 * Fig. 1 does not accurately represent the relative activities of crude extracts at 
| pH3.8 and pH 8.3, since, as discussed in the text, the conditions for these assays 
satisfied a linear relationship between activity and enzyme concentration in the 
high pH range, but failed to do so at low pH. 
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unit. At pH 3.8, however, a linear relation between activity and enzyme 
concentration held only to about 0.2 optical density unit for an incubation 
period of 10 minutes (Fig. 2). That this was not the result of employing 
a limiting concentration of substrate was demonstrated by almost identical 
curves in the presence of 1 or 2 ml. of the standard hemoglobin solution 
with the same amount of extract. All subsequent assays of the activity 
optimal at pH 3.8 were based on 10 minute incubations and on dilutions 
of enzyme solution chosen in the linear range of activity. The unit of 
proteolytic activity, for both types of assay, was defined as an optical 
density increment of 0.1 for the entire incubation period, whether 10 or 
20 minutes. The difference in relationship between activity and enzyme 





MENT 
fo) °o fo) 1°) 
fo a SB a 
| | | | 
| | | | 


OPTICAL DENSITY INCRE 
° 
| 
| 








| | | | | 
0.1 02 03 04 O85 
ENZYME(mlper mi. test solution) 
Fia. 2. Proteinase activities of a crude extract as a function of enzyme concentra- 
tion. @, assayed at pH 7; O, assayed at pH 4. 





concentration constitutes additional evidence for the distinct nature of 
the proteinases active in each pH region. 

Separation and Purification—Final proof of the existence of two types of 
proteinase in pituitary extracts was based on a simple fractionation pro- 
cedure which resulted in the virtually complete separation of each enzyme 
from the other. The crude aqueous extract was brought to pH 5.5 with 
0.1 m HCl; the precipitate which formed contained both activities. The 
supernatant was almost free of activity at pH 8.3, but active with respect 
to the proteinase optimal at pH 3.8. Separation of the proteinase activity 
found in the precipitate at pH 8.3 from that at pH 3.8 was accomplished 
by utilizing the greater heat sensitivity of the latter at pH 8.5 (Table III). 
The initial isoelectric precipitate was therefore redissolved at pH 8.5 and 
heated for 2 minutes at 50-55°; this resulted in almost complete loss o! 
activity at pH 3.8, with, however, some loss of activity at pH 8.3 as well. 

With the proteinases initially separated in this manner, further purif:- 





cation 
activit 
cent a 
tivity 
8.3). 
to as | 
In s 
Protel 
at pH 
Protei 
was 4 
Cry 
specifi 


ml. of 
similar 
assaye 
Ina 
teinase 
pH op 
3) as ¢ 
Acti 
proteil 
activa 
Protei: 
tratior 
M phos 
Wit! 
slight 
substa 


zyme 
vation 
oying 
ntical 
lution 
tivity 
tions 
nit of 
yptical 

10 or 
zyme 


icentra- 


sure of 


ypes of 
mn. pro- 
nzyme 
5 with 

The 
respect 
uctivity 
plished 
le ITT). 


8.5 and 


loss of 
as well. 
> purifi 





E. ADAMS AND E. L. SMITH 657 


cation was accomplished by ammonium sulfate fractionation. Greatest 
activity was found in the fractions precipitating between 40 and 80 per 
cent ammonium sulfate saturation of both the isoelectric supernatant (ac- 
tivity at pH 3.8) and the heated redissolved precipitate (activity at pH 
83). For brevity, the fraction optimally active at pH 3.8 will be referred 
toas Proteinase I, and that at pH 8.3 as Proteinase II. 

In several separate fractionations of the type described, preparations of 
Proteinase I were 3 to 5 times more active than the initial extract tested 
at pH 3.8, with a yield 20 to 40 per cent that of the original total activity. 
Proteinase II, when compared with the crude extract tested at pH 8.3, 
was 4 to 13 times more active, with a yield of 5 to 10 per cent. 

Crystalline trypsin assayed under the conditions for Proteinase I had a 
specific activity of about 1000 proteolytic units per mg. of protein N per 


Tas.e III 
Heat Stability at pH 8.5 of Proteinase Activities Optimal at pH 3.8 and pH 8.8 
Optical density increments resulting from the hydrolysis of hemoglobin by the 
same crude pituitary extract exposed for 2 minutes each to the temperatures shown. 




















Activity at pH 3.8 Activity at pH 8.3 
Temperature ——— os SA 

Optical density | Loss Optical density | Loss 
c. _—Ps ow | per cent ak | - per cent 
25 0.103 0 0.205 | 0 
45 0.047 55 0.144 30 
50 0.011 89 0.118 | 42 
55 0.007 | 93 0.092 | 55 








nl. of test solution. The most active preparations of Proteinase I had a 
imilarly calculated specific activity of 17, and those of Proteinase II, 
assayed by 20 minutes incubation, a specifie activity of 35. 

In all cases Proteinase II activity was negligible in preparations of Pro- 
ieinase I, and vice versa. Each of the two proteinases exhibited the same 
pH optima and the same differential inhibition by 0.2 m phosphate (Fig. 
3) as did the initial crude extract shown in Fig. 1. 

Activators and Inhibitors—Separation and partial purification of the two 
proteinases permitted more reliable investigation of possible inhibitors or 
activators. A quantitative study of the inhibitory effect of phosphate on 
Proteinase II (Fig. 4) indicated almost complete inhibition at concen- 
trations greater than 0.1 mM phosphate, with 50 per cent inhibition at 0.018 
\ phosphate. 

With the possible exception of Fe++, which produced consistent though 
slight increments of the activity of Proteinase I, various metal ions and 
substances known to activate certain of the cathepsins were without in- 
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fluence on this fraction (Table IV). The slight activation of Proteinay 
I by Fe** is in contrast to the marked activation by Fet+ of a musck 
proteinase recently described, also optimally active in the neighborhood 
of pH 4 (10). Proteinase II was inhibited by a variety of heavy mety| 
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Fic. 3. pH optima and phosphate inhibition of partially purified fractions of 
each proteinase activity. Proteinase I, O, phosphate-free; 0, 0.2 m phosphate 
Proteinase II, @, phosphate-free; jg, 0.2 m phosphate. 
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Fic. 4. Phosphate inhibition of Proteinase II. Test solutions at pH 8.3 and final 
volume 2 ml. containing 0.4 ml. of Proteinase II were incubated 20 minutes at 40 
in the presence of 0.008 m glycylglycine buffer and varying concentrations of phos 
phate. 


ions present at 0.01 M, although earlier observations with a crude extrac! 
assayed at pH 7 indicated no inhibition by the same metal salts presen! 
at 0.001 m. Consistent with failure to observe activation by addition d 
various substances was the finding that exhaustive dialysis of the crude 
extract against distilled water produced no alteration in the original ac: 
tivity on assay at either pH 4 or 7. 

Preliminary assays at pH 3.8 and 8.3 of crude extracts of lyophilized 
anterior and posterior beef pituitaries showed that these tissues contail 
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proteinases of similar activity to those found in hog anterior preparations. 
Moreover, the activity of both beef preparations is strongly inhibited by 
(2 M phosphate at pH 8.3 but not at pH 3.8, 

Other Substrates—Hydrolysis by Proteinases I and II of protein sub- 
strates other than hemoglobin was observed with edestin and both human 
grum albumin and y-globulin. Trials with a number of synthetic sub- 
strates have as yet revealed none which is hydrolyzed by either enzyme. 
These included substrates known to be attacked by certain of the in- 
tracellular and gastrointestinal proteinases, as well as other peptide 


TaBLe IV 
Influence of Various Substances on Activity of Proteinases I and II 
All additions were made at a final concentration of 0.01 m. Proteinase I, at a 
fnal concentration of 0.085 mg. of protein N per ml., was assayed by 10 minutes 
incubation at 40°. Proteinase II, at a concentration of 0.046 mg. of protein N per 
nl, was assayed by 20 minutes incubation at 40°. 











Optical density increment 
Substance } 

| Proteinase I | Proteinase II 
eens | 2 

| | 
Dh ais fone tad) hc WRC et, A eer | 0.14 0.12 
ES eet en | 0.15 | 0.09 
Fe(NH4)2SO4 Le GieATe, Saee ee an elanacare av Catan eeu a a ate | 0.20 | 0.03 

as and: CYBtGING <2... ohh | 0.16 0.03 

ee Sil ie REO. | 0.14 | 0.10 
fd so pines iv die cid gies te ete | 0.17 0.03 
BS, 5 AS ol A ca hoes ce a | 0.12 0.00 
Be ce Wr it eae | 0.14 | 0.01 
reer eee et | 0.15 | 0.01 
Ro rare er re | 0.12 0.05 
BR 6551s ots “ere ae 0.13 


0.03 





lerivatives chosen to cover the widest available range of amino acid 
components. 

The following individual compounds were incubated for at least 24 hours 
at 40° and at 0.05 m (with respect to the L antipode of racemic compounds) 
in the presence of concentrations of the enzyme preparations exceeding 
those required for significant hydrolysis of denatured hemoglobin in 10 to 20 
minutes: benzoyl-L-argininamide (trypsin substrate), carbobenzoxy-L- 
\yrosylglycinamide (chymotrypsin substrate), carbobenzoxy-L-glutamyl- 
i-tyrosine (pepsin substrate), benzoylglycinamide (papain substrate), 
tarbobenzoxyglycyl-pL-phenylalanine (carboxypeptidase substrate), carbo- 
benzoxyglycyl-L-prolinamide, carbobenzoxyglycyl-L-try ptophanamide, car- 
bobenzoxyglycyl-L-leucinamide, carbobenzoxy-L-glutamyl-L-leucinamide, 
tarbobenzoxygyleyl-L-tryptophan, carbobenzoxy-L-alanyl-L-leucinamide, 
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carbobenzoxy-L-isoglutamine, carbobenzoxy-t-leucyl-L-alaninamide, cay. 
bobenzoxyglycylglycinamide, carbobenzoxy-L-serinamide, carbobenzoxy- 
L-tryptophylglycine, and carbobenzoxy-L-tryptophylglycine ethyl] ester, 
Since some of these compounds are sparingly soluble in water, duplicate 
incubations were made, in appropriate instances, in the presence of 20 per 
cent methanol. 

In addition to tests of the partially purified Proteinases I and II with 
the compounds listed above, incubation of crude extracts of a variety of 
pituitary preparations was similarly carried out in the presence of known 
endopeptidase and carboxypeptidase substrates, both at pH 3.6 to 44 
and pH 7.8 to 8.0, and in the presence and absence of 0.003 m cysteine, 
These tests showed no significant hydrolysis. 
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Fig. 5. Change with time in relationship between proteolytic activity at pH 38 
and enzyme concentration. Activity measured by 10 minutes incubation with de- 
natured horse hemoglobin at 40°. @, 1 day after preparation of fraction; ™, 3 days 
at 5° after preparation. 


Multiple Nature of Each Proteinase Activity—Certain data concerning 
the stability of both pituitary proteinases suggest that multiple enzymes 
may be involved in the hydrolysis of hemoglobin at both pH 3.8 and 83. 
It has been noted that, on standing at 5-7° for several days after prepara 
tion, an ammonium sulfate fraction (precipitating between 0 and 40 per 
cent saturation) containing the activity obtained at pH 3.8 shows initially 
a non-linear relation between activity and enzyme concentration and sub- 
sequently a linear relation over the same activity range (Fig. 5). Sucha 
change with time is consistent with the disappearance of additional pro- 
teinases. By contrast, the ammonium sulfate fraction of Proteinase | 
precipitating between 40 and 80 per cent saturation showed a consistent 
linear dependence of activity on enzyme concentration; it may therefore 
be concluded that this fraction, used for most of the detailed studies re 
ported, represented more homogeneous activity. 
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Similarly it has been noted that an alteration occurs in the pH activity 
curve of Proteinase II (Fig. 6), although it is of interest that the pH opti- 
mum remains constant. A change with time of the type shown, involving 
disproportionate loss of activity at varying pH, is not consistent with the 
sow denaturation of a single enzyme, but rather with relative losses in an 
additional proteinase (or proteinases) optimally active at pH values dif- 
ferent from the optimum of residual activity. Since the optical density of 
blank preparations increases over the period during which optimal activity 
falls, indicating an increasing concentration of non-protein nitrogen in the 
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Fie. 6. Alteration in activity at varying pH of a preparation of Proteinase II 
kept at 5°. Assay followed incubation for 20 minutes at 40° at the same enzyme 


concentration. {™§, 2 days after preparation of fraction; @, 16 days after prepara- 
tion. 


zyme solution itself, inactivation of proteinase activity initially present 
may be due in part to digestion of the enzyme protein. 


Proteolytic Activity of Adrenocorticotropic Hormone 


The possibility that highly purified preparations of pituitary hormones 
might contain exopeptidase activity or influence such activity in crude 
jituitary extracts was investigated by two types of experiment. 1 mg. 
amples of purified adrenocorticotropic hormone (ACTH) (11) or of erys- 
talline growth hormone (12) were incubated with crude extracts of lyo- 
thilized anterior lobes of hog pituitary in the presence of glycyl-t-proline 
and t-leucinamide as substrates. No differences in the hydrolytic activity 
of control or hormone-fortified systems were observed. In further ex- 
veriments, solutions containing 1 mg. of ACTH or growth hormone as the 
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only protein present were incubated for 24 hours with each of four sub- 
strates, glycyl-L-proline, L-leucinamide, triglycine, and glycyl-pL-alanine, 
in the presence of suitable metal activators. No significant hydrolysis 
was observed. 

In contrast to the failure to detect contaminating peptidase activities 
in hog ACTH, distinct proteinase activity was found in such preparations 
of this hormone. Smaller quantities of crystalline pituitary growth hor. 
mone present at less than 10 mg. per ml. of final incubation solution (the 
concentration of hormone being limited by its solubility) gave no evidence 
of proteolysis with a hemoglobin substrate. 

Test solutions of 2 ml. volume, containing | ml. of the standard hemo- 
globin solution and ACTH at a final concentration of 20 mg. per ml., were 
incubated at pH 4.0 (acetate buffer) and at pH 7.6 in the presence and 
absence of 0.15 m phosphate. After 30 minutes incubation at 40°, samples 
at pH 4.0 showed an increment in optical density over the blank of 0.32 
unit, those at pH 7.6 had an optical density increment of 0.30 unit. At 
the higher pH, phosphate produced 32 per cent inhibition; at the lower 
pH, 14 per cent inhibition. 

The optical density increment resulting from the incubation for 10 min- 
utes at 40° of 0.015 mg. of crystalline trypsin per ml. of test solution con- 
taining the standard hemoglobin substrate is comparable to that resulting 
from the incubation of 20 mg. of ACTH per ml. of similar test solution at 
either pH 4.0 or pH 7.6. It may therefore be calculated, assuming that 
the proteinases present in purified ACTH are equivalent in activity to 
crystalline trypsin, that the hydrolysis of hemoglobin by ACTH solutions 
could be explained by the presence of contaminating proteinase in minute 
amount, of the order of 0.03 per cent or less of the purified hormone. 


DISCUSSION 


The finding of high peptidase activities in such specialized endocrine 
tissues as the anterior and posterior lobes of both hog and beef pituitary 
provides additional support for the thesis (4) that these enzymes are uni- 
versally distributed in all tissues and serve functions of generalized sig- 
nificance for the common metabolic activities of all cells rather than for 
the specific physiologic réle of a given tissue. 

On the other hand, the proteinases extractable from pituitary and sub- 
jected to preliminary characterization differ in some respects from many 
of the intracellular proteinases heretofore characterized, since they do not 
hydrolyze the same synthetic substrates (13). In contrast to many o 
the cathepsins (13), Proteinases I and II are not activated by cysteine ot 
ascorbic acid. Only Proteinase I is weakly activated by Fe**, if at all) 
whereas proteinases from brain (14) and muscle (10) are strongly acti: 
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vated. In addition, the phosphate inhibition of pituitary Proteinase II 
may also represent a useful characteristic. It should be noted that pro- 
teinases which are not influenced by cysteine have previously been re- 
ported (16, 17). 

The observations relating to proteolytic activity in purified hog ACTH 
invite an explanation of the previously reported instability of incubated 
ACTH (18) in terms of proteolytic inactivation of the hormone by con- 
taminating enzymes. Thus the inactivation of ACTH on 19 to 24 hours 
incubation at room temperature and at pH 7, and its prevention by 0.038 
vu phosphate, could be simply explained on the basis of known contamina- 
tio by Proteinase II. In any case, it is obviously important to consider 
the characteristics of the pituitary proteinases in connection with efforts 
to isolate in high yield purified protein factors from this gland. 


SUMMARY 


Aqueous extracts of several pituitary preparations contain a variety of 
exopeptidases. Similar extracts of lyophilized anterior hog pituitary con- 
tain at least two proteinases optimally active in hydrolyzing denatured 
hemoglobin at pH 3.8 (Proteinase I) and pH 8.3 (Proteinase II) respec- 
tively. Each proteinase has been separated from the other and partially 
purified. Except for phosphate which inhibits Proteinase II,. and with 
the possible exception of Fe+*+ which may produce slight activation of 
Proteinase I, specific activators or inhibitors have not been found for 
either proteinase. Synthetic substrates known to be hydrolyzed by cath- 
epsins and proteinases of the gastrointestinal tract are not attacked by 
either pituitary proteinase. Purified hog ACTH, negative in tests for 
peptidase activity with several substrates, contains contaminating quan- 
tities of pituitary proteinase, which may explain certain features of ACTH 
instability as measured by bioassay. 
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‘Inhibition by phosphate of the hydrolysis of benzoylargininamide by various 
tissues has been reported (15). Since the pituitary proteinase does not hydrolyze 
this substrate and has a more alkaline pH optimum, the responsible enzymes must 
be different. 
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NON-THYROGLOBULIN IODINE OF THE THYROID GLAND 
I. FREE THYROXINE AND DIIODOTYROSINE* 
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(From the Division of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, February 23, 1951) 


Thyroxine in the thyroid gland is considered to be firmly built into the 
protein molecule, thyroglobulin (1). Only after the gland is hydrolyzed 
with fairly strong alkali does its thyroxine become readily extractable with 
butyl alcohol. The iodine which circulates in plasma, on the other hand, 
can be almost completely extracted with butyl alcohol without previous 
hydrolysis (2). Considerable evidence now supports the view that the 
circulating thyroid hormone is thyroxine loosely bound to plasma protein 
(2-5). The bond between thyroxine and the protein is readily broken 
when plasma is extracted with butyl alcohol at room temperature. 

If the hormone delivered to the circulation by the gland is indeed free 
thyroxine, the presence of at least a small amount of free thyroxine in the 
thyroid gland may be expected. Leblond, Gross, and coworkers following 
this line of reasoning, have used the methods of isotope dilution and filter 
paper chromatography to demonstrate the presence of free thyroxine in 
unhydrolyzed thyroid tissue (5, 6). The methods used by these workers 
did not, however, reveal the actual quantity of free thyroxine present in 
the gland, although they were able to show that the free thyroxine con- 
centration of the gland was much greater than that of the plasma. 

With the aid of filter paper partition chromatography and a sensitive 
method for measuring chemical iodine, we have obtained values for the 
actual quantities of free thyroxine and other iodine-containing compounds 
in the thyroid gland. It is shown here that free thyroxine comprises only 
about 0.5 per cent of the total iodine of rat thyroid, and that the gland 
contains about the same amount of free diiodotyrosine. Free monoiodo- 
tyrosine, on the other hand, is practically absent. The results of experi- 
ments dealing with the metabolic significance of the small amounts of 
free thyroxine in the gland are also reported here. 


EXPERIMENTAL 


Most of the experiments were carried out on rats of the Sprague-Daw- 
ley, Long-Evans, or Curtis-Dunning strains, all raised and maintained on 


*Aided by grants from the United States Public Health Service. 
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Purina laboratory chow. This diet was analyzed and found to contain 
about 1.5 y of I per gm. Guinea pigs were used in two experiments in 
which thyrotropic hormone was injected. They were obtained from a 
local animal dealer, and were maintained for several weeks on Purina labo- 
ratory chow, supplemented with lettuce twice weekly. 

Extraction of Free Iodine Compounds from Thyroid—Rats were injected 
with approximately 80 ue. of carrier-free I'*!, They were sacrificed 24 to 
48 hours later, when the thyroid glands contained 10 to 15 per cent of the 
injected dose of I'*!. We have assumed that by that time free iodine com- 
pounds of the gland had become labeled and would therefore be detect- 
able in the subsequent chromatographic procedure. 

The pooled thyroid glands from seven to nine injected rats were homoge- 
nized in a glass homogenizer with 0.5 cc. of ice-cold 0.9 per cent NaCl so- 
lution containing 0.02 per cent NaOH. In some experiments the saline 
extract obtained by centrifugation was directly subjected to filter paper 
partition chromatography. In most experiments, however, the whole sa- 
line homogenate was extracted with butyl alcohol, and this butanol extract 
was analyzed by the filter paper technique. These two procedures are 
described below. 

Analysis of Untreated Saline Extract—The saline homogenate was cen- 
trifuged. Approximately 90 per cent of the gland’s iodine remained in the 
supernatant. 100 to 200 ul. of the supernatant were delivered on filter 
paper strips in 25 yl. portions. The ascending method of filter paper par- 
tition chromatography was used. The details of this procedure for sepa- 
rating the various iodine components have been described fully in an 
earlier communication (7). Collidine-water-NH; was again used as the 
solvent. 

Analysis of Butanol Extract of Homogenate—This procedure was used on 
the majority of the samples, since by it the free iodine compounds are 
separated from the thyroglobulin, which constitutes the greatest part of 
thyroid iodine. The whole saline homogenate was adjusted to pH 3.0 and 
repeatedly extracted with butyl alcohol in a 15 ce. conical centrifuge tube. 
The mixture was centrifuged after each extraction, and the clear butanol 
layer was drawn off into another tube by means of a fine capillary and suc- 
tion. Three or four extractions, each with 4 or 5 cc. of butanol, completely 
eliminated the aqueous phase of the original homogenate. The extraction 
was discontinued when only the solid phase of the original homogenate 
remained. The combined butanol extracts, containing the free iodine com- 
pounds of the pooled thyroids, amounted to approximately 15 ce. 

It was necessary to concentrate the butanol extract in order to increase 
the amount of iodine to be delivered on filter paper. The volume was re- 
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duced tc 1 to 2 cc. under reduced pressure at 30°. Under these conditions 
a small quantity of solid material precipitated, and this probably con- 
sisted primarily of small amounts of protein that had been dissolved by 
the butanol. This solid material was separated by centrifugation, and the 
clear supernatant was used for analysis. 200 to 300 ul. of the concentrated 
butanol were delivered on filter paper strips in 25 ul. portions. 

In some experiments the residue resulting from the butanol extraction 
of the saline homogenate was hydrolyzed with 2 Nn NaOH in order to de- 
termine the chemical and radioactive iodine in the thyroxine bound in 
thyroglobulin. The hydrolysate was adjusted to pH 3.5 and repeatedly 
extracted with butanol. Aliquots of this butanol extract were then placed 
on filter paper strips for chromatographic separation. 

lodine determinations of the thyroid fractions separated on the filter 
paper were carried out as previously described (7). The protein-bound 
iodine of plasma was also determined as described earlier (2, 8). 

Test of Method—The validity of our butanol extraction method was 
tested in the following manner. (1) Two pools of thyroid tissue were pre- 
pared from the glands of eighteen rats; each pool contained one lobe from 
each rat. 50 ul. of a standard thyroxine solution were added to one pool, 
and both pools were homogenized and extracted exactly as described above. 
95.5 per cent of the added thyroxine iodine appeared in the butanol ex- 
tract. (2) Thyroids were removed from seven rats and homogenized with 
siline. 50 ul. of an I! solution containing 5 & 10! ¢.p.s. in the form of 
inorganic iodide were added to the homogenate, and the mixture was re- 
peatedly extracted with butanol as described above. 92 per cent of the 
added ['*! appeared in the butanol extract. 

It is thus clear that free thyroxine and free inorganic iodide can be 
quantitatively recovered by butanol extraction. It is reasonable to sup- 
pose, therefore, that all free iodine compounds of the gland are extracted 
by this procedure. 

Experiments with Thyrotropic Hormone—Two separate experiments were 
carried out, six guinea pigs being used in each. The animals were injected 
with approximately 150 we. of carrier-free I!, and an interval of 36 hours 
was allowed for the iodine compounds of the thyroid glands to become 
labeled. The animals were then divided into two groups of three animals 
each. One group served as controls. Each guinea pig of the other group 
received a total of 20 mg. (80 guinea pig units) of thyrotropic hormone in 
two equal injections separated by 6 hours. The animals were sacrificed 
3 hours after the second injection. Blood and thyroids were pooled from 
the animals in each group. Protein-bound iodine of plasma and the free 
iodine fractions of the gland were determined on each pooled sample. 
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Results 


Radioautographs of filter paper chromatograms of saline and butanol 
extracts of the rat thyroid are shown in Fig. 1. Fig. 1, A shows the dis- 
tribution of the radioactive iodine in the saline extract; Fig. 1, B and C, 
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Fie. 1. Radioautographs of ascending chromatograms prepared from thyroids of 
rats injected with I'8!. A, saline extract of thyroid; B, butanol extract of thyroid 
homogenate; (, concentrated butanol extract of thyroid homogenate. The exposed 
areas are labeled as follows: 1, thyroglobulin (at origin); 2, diiodotyrosine; 3, thy 
roxine; 4, inorganic iodide. The position of the solvent front is indicated by 5. The 
band at the origin (1) is assumed to be thyroglobulin, although it is recognized that 
this may not represent a pure compound. 


the distribution of the radioactive iodine in the butanol extract of the saline 
homogenate of the thyroid. The chromatograms of Fig. 1, B and C dif- 
fered only in that the butanol extract of the latter was concentrated about 
10-fold before it was delivered on the filter paper. 

The saline extract contains practically all the gland’s iodine. The major 
component, thyroglobulin, is represented by the heavy, dark band at the 
origin of the chromatogram (Fig. 1, A). Diiodotyrosine, thyroxine, and 
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inorganic iodine bands are also clearly visible. A band for monoiodotyro- 
sine, however, was not noticeable. 

Essentially the same four components were found in the butanol ex- 
tract of the saline homogenate (Fig. 1, B). The fairly dark band at the 
origin is most likely thyroglobulin which dissolved in the butanol. 

When the butanol was concentrated to a small volume, the chromato- 
grams obtained were somewhat distorted (Fig. 1, C). In addition to the 
four bands shown in Fig. 1, A and B, a fifth appeared at the solvent front. 
This component is almost certainly without physiological significance since 
itis absent in A and B. It undoubtedly arises during the concentration 
of the butanol. The thyroxine and diiodotyrosine components seem to 
be satisfactory, however, and most of the analyses of the free thyroxine 
and free diiodotyrosine reported here were made on chromatograms pre- 
pared from concentrated butanol extracts. Values for free thyroxine and 
diiodotyrosine obtained from such chromatograms compared favorably 
with corresponding values obtained from chromatograms of the saline ex- 
tract (see Table II). 


Amounts of Free Iodine Compounds in Normal Rat Thyroid 


Total Free Iodine—The butanol extract of the saline homogenate of the 
thyroid was considered to contain all the free iodine of the gland. As is 
shown in Table I, 4 per cent of the gland’s total iodine was extracted by 
butanol. Approximately 25 per cent of this was thyroglobulin iodine 
which passed into the butanol phase. The remaining 75 per cent consisted 
of the total free iodine of the gland (inorganic iodide and free iodine-con- 
taining amino acids). In the rats used here, therefore, 3 per cent of the 
gland’s total iodine existed in non-thyroglobulin form. 

Free Thyroxine—Sections of the chromatograms corresponding to thy- 
roxine were cut out and ashed directly in order to determine their iodine 
contents. ‘This was done for the chromatograms of the saline extract 
(Fig. 1, A) and the concentrated butanol extract (Fig. 1, C). It could not 
be done for the chromatogram of the untreated butanol extract (Fig. 1, B) 
because the quantity of iodine in this case was too small to determine. 
The free thyroxine iodine amounted to 0.36 to 0.77 per cent of the total 
iodine of the gland (Table I). The values obtained from chromatograms 
of the saline extract and the concentrated butanol extract agreed fairly 
well (Table IT). 

Free Diiodotyrosine Content of Thyroid—The diiodotyrosine sections of 
the filter paper chromatograms were also analyzed for iodine content. The 
free diiodotyrosine iodine amounted to 0.51 to 0.86 per cent of the total 
gland iodine (Table I). Both the saline extract and the concentrated bu- 
tanol extract yielded similar values for this component (Table IT). 
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Inorganic Iodine—The inorganic iodide fraction of the gland was quan- 
titatively extracted by butanol under the conditions used here. However, 
some loss of inorganic iodide occurred when the acid butanol was concen- 
trated to a low volume. Moreover, the chromatogram prepared with the 


TABLE I 


Free Thyroxine and Diiodotyrosine Content of Rat Thyroids, Based on 
Analyses of Chromatograms Prepared from Concentrated Butanol 
_ Extracts of Thyroid 





Analysis of filter paper chromatograms 











|Butanol-|_ 
Experi-| no. of | Average Total extract- | a 
t thyroid | thyroid a oF 
‘No. | 3 | weight | 1 | able | sialic cers Bee, on 
| | Thyroxine I Diiodotyrosine I Re bound I 
| mg. per 100 ; per cent | per cent : per cent \per cent of : 
| gm. ody | per cont | °F 12! | per com a of total | pep" ba of plat enable T| Per ee 
lf 9 6.9 114 4.2 | 0.66} 0.59 | 0.55} 0.51 19.2 
2t 7 6.2 95 3.9 | 0.34 | 0.36 | 0.49 | 0.51 0.0036 
3t 7 5.9 107 4.0 | 0.45} 0.42 | 0.60 | 0.56 0.0030 
44 | 9 Wed 84 4.38 | 0.65| 0.77 | 0.72 | 0.86 | 30.6 | 0.0036 


























* This is the fraction of the butanol-extractable iodine which does not move 
during chromatography. It is assumed to be thyroglobulin since it coincides with 
the major I'*!-containing component of a saline extract of thyroid (Fig.1, A). Only 
1 per cent of the thyroglobulin in thyroid tissue was extracted by butanol. 

¢ Thyroids taken from Curtis-Dunning female rats. 

t Thyroids taken from Sprague-Dawley female rats. 

§ Thyroids taken from Long-Evans male rats. 


TaBLe II 
_ Comparison of Free Thyroxine and Free Diiodotyrosine Values 


Method of determination 








Free thyroxine | Free paecicnidesan 








pe r cent oj 
total I 


0.62 | 0.67 
| 


0.67 0.72 


| per cent of | 


+ per cent < I) \m8- per cent 
| 


Chromatography of saline extract of thy- 0.48 .53 


roid 
Chromatography of butanol extract of sa- | 0.54 | 0.59 
line homogenate of thyroid | 


| 
| 


concentrated extract frequently showed a distorted inorganic iodide band 
which did not seem satisfactory for analysis. Alkalization of the butanol 
extract before concentrating did not improve the chromatogram. In this 
case even the thyroxine and diiodotyrosine bands were greatly distorted. 

The most satisfactory chromatogram for the determination of inorganic 
iodide was that prepared from saline extracts (Fig. 1, A). Values obtained 
with this procedure are described in Paper IT. 
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Effect of Thyrotropic Hormone Injections on Free Thyroxine of Guinea 
Pig Thyroids 

Since administration of thyrotropic hormone increases the rate of thy- 

roxine secretion into the plasma, it appeared likely that it would also raise 
Tasie III 
Effect of Thyrotropic Hormone on Free Thyroxine on Guinea Pig Thyroid 

reper i tet : Average Total Butanol- Free thyroxine I Plasma 

enue No: Treatment of animals (3 in each group) gland aaa | extract- determined from protein- 


weight able I chromatogram bound I 


mg. per 


100 gm. mg. PEt, SENO'|  pep, (BER GCE ee 
body per cent a per cent ° pak per cent 
weight 

l Control 14.6 55 1.4 0.095 0.17 0.0025 
Thyrotropic hormone-injected 18.6 40 3.3 0.16 0.40 0.0053 
2 Control 13.1 65 0.99 0.065 0.10 0.0014 
Thyrotropic hormone-injected 13.9 55 1.8 0.20 0.41 0.0045 


TaB_e IV 
Specific Activities of Free and Bound Thyroxine* Iodine of Rat Thyroid 


Specific activities, per cent of injected dose 


— interval Nowotiais — 

we Bound thyroxine I Free thyroxine I 
hrs. mg per cent per cent per y I per cent per y I 

1f 3 7 C98 X% 104 a.) X 10 
12 7 10.6 X 10°! 7.6 X 10 
48 (i Sf Ale 8.4 X 10 

2t 3 8 70.5 6.7 xX 10° 1S X 10 
2: s 73.8 14.9 X 10 12.4 * 10 
18 Ss 57.8 13.9 xX 10-4 11.5 X 10 

3t 3 7 96.4 5.0 xX 10-4 3.9 X 10 
12 7 109 7.6 X 10°4 3.9 X 10 
24 7 119 12.6 xX 10 7.8 X 10% 
48 7 111 10.8) X 10°4 6.9 X 10-4 


* Bound thyroxine refers to the thyroxine bound in thyroglobulin. 
+ Thyroids taken from Long-Evans male rats. 
{ Thyroids taken from Sprague-Dawley female rats. 


the level of the free thyroxine in the gland. This is borne out by the re- 
sults shown in Table IIT and Fig. 2... When guinea pigs were injected with 
thyrotropie hormone, there was a decrease in the total I concentration in 
the gland. The free thyroxine concentration, on the other hand, increased 
over 100 per cent. 

The radioautographs prepared from chromatograms of thyroid extracts 
of normal and thyrotropic hormone-injected guinea pigs are shown in Fig. 
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2. The thyroxine band for the thyrotropic hormone-injected animals js 
much stronger than that observed with control animals, and illustrates the 
increase in the level of the free thyroxine fraction whi: o follows an injection 
of thyrotropic hormone. 


= 


wie | “eee I” 


__ 


Fig. 2 Fig. 3 
Fic. 2. Effect of thyrotropic hormone on the free thyroxine of the thyroid glands 
of guinea pigs. Radioautographs of chromatograms prepared from thyroids of 
treated animals at left; control animals at right. A thyroxine band for the control 
animal was barely discernible in the original autograph but was lost in photographic 
reproduction. 
Fic. 3. Radioautograph of chromatogram prepared from sheep thyroid slices and 


its surrounding medium. The slices were incubated for 2 hours in the medium, 


which contained carrier-free inorganic ['3!, Only two components appeared on the 
autogram, thyroglobulin at the origin (lower component) and inorganic iodide (up- 
per component). 


Relative Specific Activities of Free and Bound Thyroxine in Thyroid 
In three experiments, the specific activities of the free and bound thy- 
roxine iodine fractions of the gland were compared at several intervals 
after the injection of the radioiodine. The results are shown in Table IV. 
Bound thyroxine refers to the thyroxine bound in thyroglobulin. At all 
intervals, the specific activity of the bound thyroxine iodine was higher 
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than that of the free thyroxine iodine. These results suggest that the free 
thyroxine in the gland is not the precursor of the thyroxine bound in thy- 
roglobulin. It appea s rather that the thyroxine of thyroglobulin is formed 
directly as a part of the protein molecule. Further evidence for this is 
presented in the next section. 


Free Thyroxine Formation in Vitro 


It was shown in this laboratory some years ago that diiodotyrosine and 
thyroxine formation proceeds very readily in thyroid tissue slices suspended 
in an oxygenated buffer medium (9). We considered it of interest to deter- 
mine whether the organic iodine compounds formed under these conditions 
exist in the free form, or whether they are bound strongly to protein. 
Slices of sheep thyroid were incubated for 2 hours in an oxygenated bicar- 
bonate-Ringer buffer containing a carrier-free amount of I'*'. The entire 
mixture was homogenized at the end of the experiment after the addition 
of a small quantity of NaOH, and the supernatant fluid obtained upon 
centrifugation was chromatographed on filter paper. This supernatant 
contained practically all the I'*! added to the medium. 

The radioautogram is shown in Fig. 3. It is of particular interest that 
all the organic iodine formed under these conditions is in the form of thy- 
roglobulin. There are no bands on the autogram corresponding to free 
thyroxine or free diiodotyrosine. This may be taken as evidence that the 
thyroxine in thyroglobulin is formed from diiodotyrosine, while the latter 
is linked to protein. 

Fig. 3 also demonstrates that there is no detectable breakdown of thy- 
roglobulin to thyroxine and diiodotyrosine during the chromatographic 
procedure itself. The free thyroxine and free diiodotyrosine bands seen in 
Figs. 1 and 2, therefore, cannot be simply artifacts, even though they rep- 
resent only a small fraction of the gland’s total iodine. 


DISCUSSION 


The results of this investigation support the findings of earlier workers 
who reported that almost all of the iodine in the thyroid gland is firmly 
bound to protein (1). Non-thyroglobulin iodine amounted to approxi- 
mately 3 per cent of the total iodine in the rat thyroid, whereas free thy- 
roxine iodine comprised only about 0.5 per cent of the total gland iodine. 

Our finding that free thyroxine in the gland constitutes but a small per- 
centage of the total iodine in the gland does not preclude an important 
metabolic function for this fraction. The concentration of free thyroxine 
iodine in the gland, even though small, nevertheless, represents more than 
100 times the concentration of the protein-bound iodine of plasma (Table 
I). Leblond and Gross have postulated that the free thyroxine of the 
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gland is the immediate precursor of the circulating thyroid hormone (6). | gompo 
The data obtained here are in accord with such a view. The r: 

The finding that the specific activity of the free thyroxine iodine is con- | ponent 
siderably less than that of the bound thyroxine iodine at an early interval 4, J 
after injection of I'*! (Table IV) suggests that free thyroxine is not a pre- | termin 
cursor of bound thyroxine in the gland. However, specific activity meas- | for jod 
urements must be interpreted with caution because of the uncertainty as to | mately 
the degree to which a given tissue component is uniformly spread through | dijodo 
the tissue. In a system as complicated as thyroid tissue it is possible that | thyroy 
fractions such as free thyroxine or bound thyroxine are not uniformly dis- | as pro 
tributed. A portion of a given fraction located within the follicular cells} 5, 7 
may be more active metabolically than another portion of the same fraction | jncrea: 
located in the colloid. If, however, complete mixing does occur within the} 6, 1 
gland, then it may be inferred from the data of Table IV that the thyroxine | roxine 
which is present in thyroglobulin is formed directly from diiodotyrosine } early ; 
while the latter is still part of the protein molecule. Such a mechanism }| cussed 
would account for our failure to find free thyroxine as an intermediate in | versio 
the formation of thyroglobulin by surviving thyroid slices. The recent | find fr 
work by Pitt-Rivers on the conversion of N-acetyldiiodotyrosylglutamic — tion o 


acid to N-acetylthyroxylglutamic acid provides a chemical basis for this 
view (10). 


It is of interest that diiodotyrosine is almost completely absent from the | 1. Ha 
circulation (3-5), even though its concentration in the free state in the thy-} 2 Ta 
roid is approximately equal to that of free thyroxine. It is possible that : 
diiodotyrosine does leak out into the plasma but that it is quickly de] ; te 
stroyed or excreted. ( 

The term “free thyroxine” as used here does not necessarily imply that} 6. Lel 
this fraction of the gland’s iodine is not loosely bound to protein. Free} 7 Ta 
thyroxine of the gland may indeed be loosely linked to protein in much the : be 
same manner as the protein-bound iodine of plasma is linked to protein. } yy pi, 


SUMMARY 


1. Pooled thyroid glands of I'*!-injected rats were homogenized with a 
small volume of ice-cold 0.9 per cent saline solution containing 0.02 per 
cent NaOH. Approximately 90 per cent of the gland’s total iodine ap- 
peared in the saline supernatant under these conditions. 

2. Very small aliquots of the saline supernatants were transferred to 
filter paper strips for chromatographic analysis. The remaining saline ho- 
mogenate was extracted with butyl alcohol, and aliquots of the butandl 
extract were taken for filter paper chromatography. Radioautographs 
were made for identification of the I'*!-containing components. : 

3. The radioautograph of the saline supernatant revealed four majo 
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components: thyroglobulin, thyroxine, diiodotyrosine, and inorganic iodide. 
The radioautograph of the butanol extract showed the same four com- 
ponents, but thyroglobulin was relatively much weaker than in the saline. 

4. The thyroxine and diiodotyrosine sections of the chromatograms, de- 
termined by superimposing the radioautographs, were cut out and analyzed 
for iodine. Free thyroxine iodine in the rat thyroid amounted to approxi- 
mately 0.5 per cent of the total iodine of the gland. The value for free 
diiodotyrosine iodine was also about 0.5 per cent of the total iodine. Free 
thyroxine iodine in the thyroid of the rat is over 100 times as concentrated 
as protein-bound iodine of plasma. 

5. The concentration of free thyroxine in the thyroids of guinea pigs was 
increased by the injection of thyrotropic hormone. 

6. The specific activity of the iodine in the thyroglobulin-bound thy- 
roxine of the thyroid was higher than that of the free thyroxine iodine as 
early as 3 hours after I'*! injection. The significance of this finding is dis- 
cussed. It is suggested that iodination of tyrosine and its subsequent con- 
version to thyroxine occur within the protein molecule. Our failure to 
find free thyroxine and free diiodotyrosine as intermediates in the forma- 
tion of thyroglobulin in surviving thyroid slices supports this view. 
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NON-THYROGLOBULIN IODINE OF THE THYROID GLAND 
II. INORGANIC IODIDE* 


By ALVIN TAUROG, W. TONG, anp I. L. CHAIKOFF 


(From the Division of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, February 23, 1951) 


Methods heretofore available for the determination of inorganic iodide 
in the thyroid gland suffer from lack of specificity (1). The technique of 
flter paper partition chromatography described in Paper I (2) offered a 
promising approach to the problem of separating inorganic iodide from the 
other iodide fractions of the thyroid. The application of this method to 
siline and trichloroacetic acid extracts of the gland is described here. 


EXPERIMENTAL 


Analyses were performed on the thyroids of rats, rabbits, dogs, and 
sheep. 

Inorganic iodide was extracted from thyroid tissue by two different pro- 
cedures: (1) homogenization with ice-cold 0.9 per cent saline containing 
0.02 per cent NaOH (0.5 cc. per 100 mg. of tissue), and (2) homogenization 
with ice-cold 10 per cent trichloroacetic acid (1 cc. per 100 mg. of tissue). 
The homogenates were centrifuged, and the supernatants so obtained were 
transferred to filter paper strips for separation of their iodine-containing 
components, as described in Paper I (2). The trichloroacetic acid extract 
was neutralized with NaOH before delivery on the paper. 

Rat Thyroids—The treatment of the rats used here was the same as that 
described in Paper I (2). They were injected with approximately 75 uc. 
of I! and sacrificed after a suitable interval when all the iodine fractions 
of the thyroid had become labeled. 

To compare the inorganic iodide contents of rat thyroids as extracted 
by the two procedures described above, the following method was used. 
Two pools of thyroid tissue were prepared from a large group of rats. Each 
pool contained one thyroid lobe from each rat. In preparing the pools of 
thyroid tissue, the left and right lobes were alternated so that each pool 
contained an equal number of left and right thyroid lobes. The glands 
were kept in a small beaker surrounded with ice during the period that the 
tissue was accumulated. The solutions used for homogenizing the tissue 
were also ice-cold to minimize the breakdown of organic iodine. One pool 
-} of tissue was then taken for the saline homogenization and the other for 


* Aided by grants from the United States Public Health Service. 
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the trichloroacetic acid homogenization. The supernatants were fraction. 
ated on filter paper, and the inorganic iodide sections were cut out for anal- 
ysis. 

Thyroids of Sheep, Dog, and Rabbit—For these analyses the animals were 
not injected with I’. Instead, a known quantity of carrier-free [!, as 
inorganic iodide, was added to the tissue just before homogenization, 

Only saline extracts of dog and rabbit thyroids were fractionated. Sheep 
thyroids, however, were analyzed by both saline and trichloroacetic acid 
extraction. The recovery of the added I averaged 95 per cent in the 
saline supernatant and 90 per cent in the trichloroacetic acid supernatant. 

The chromatograms prepared with these supernatants contained a single 
active band, that of inorganic iodide. This band was cut out of the chro- 
matogram and analyzed for both chemical and radioactive iodine. It con- 
tained 90 to 95 per cent of the radioactive iodine delivered on the filter 
paper. 


Results 
Normal Thyroid 


The radioautographs of chromatograms prepared from saline and tr- 
chloroacetic acid extracts of normal rat thyroids are shown in Fig. 1. 

Trichloroacetic Acid Extract—It is evident from Fig. 1 that inorganic 
iodide is not the only iodine-containing component of the thyroid extracted 
by trichloroacetic acid. Appreciable quantities of thyroglobulin and diio- 
dotyrosine are also extracted. In the rats and sheep, inorganic iodide 
comprised only 25 to 50 per cent of the iodine in the trichloroacetic acid 
extract of the thyroid. A simple iodine determination of this extract does 
not, therefore, provide a reliable measure of the inorganic iodide content 
of the gland. 

Saline Extract—The saline extract, unlike the trichloroacetic acid ex- 
tract, contains practically all the thyroid iodine. Its chromatogram dif- 
fers from that of the trichloroacetic acid extract, as shown in Fig. 1. The 
most important differences are (1) a heavy thyroglobulin band at the ori- 
gin and (2) the presence of a free thyroxine band. 

The inorganic iodide contents of the thyroids, based on the analyses of 
the inorganic iodide sections of the chromatograms, are shown in Table |. 
Although the saline extract yielded somewhat higher values than the tri- 
chloroacetic acid extract, it is clear that inorganic iodide comprises only 
about 1 per cent of the total thyroid iodine in the various animals tested. 
Our values are entirely different from those reported by Gutman ¢e? al., in 
1932, for human thyroids (3) and by Mann, Leblond, and Warren, in 1942, 
for the dog thyroid (4). The former reported values ranging from 3 to 
18 per cent of the total gland iodine, with a mean of 7 per cent; the latter, 
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Fic. 1. Radioautographs of ascending chromatograms prepared from saline ex- 
tract (left) and trichloroacetic acid extract (right) of rat thyroids. The exposed 
areas are labeled as follows: 1, thyroglobulin (at origin); 2, diiodotyrosine; 3, thy- 
roxine; 4, inorganic iodide. The position of the solvent front is indicated by 6. 
The band at the origin (1) is assumed to be thyroglobulin, although it is recognized 
that this may not represent a pure compound. 


TABLE | 
Inorganic lodide Content of Thyroid Gland, Based on Analysis of Inorganic 
Todide Section of Filter Paper Chromatogram 


ie Inorganic iodide of thyroids 
Total 


Experi- . . P : Inorganic 
ment No. No. of animals = ae “Pikcliteaaaevihe ack — of 
Saline extract aac ; ee 
mg. per cent mg. per cent oY mg. per cent at mg. per cent 
l 20 rats 91.5 1.6 1.8 1.2 1.3 <0.001 
2 kee 90.0 0.86 0.94 0.61 0.69 <0.001 
3 | a 74.0 0.56 0.75 0.0012 
| Dog 140 1.3 1.0 
5 Rabbit 63.4 0.84 1.3 <0.001 
6 Dog 206 1.4 0.68 0.002 
7 Sheep 186 1.4 0.76 1.2 0.64 
S s 243 2 


2.0 0.79 1.9 0.82 


* Estimated by the difference between total and protein-bound iodine, 
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using the same method as Gutman ef al., reported values ranging from 5 
to 14 per cent, with a mean of 10 per cent. 

Although the inorganic iodide content of the thyroid may be expected 
to vary with iodine intake, the low values obtained in the present investi- 
gation should not be attributed to a low iodine intake. The concentra- 
tion of fotal iodine in the thyroids of the animals used here was well within 





Ld 





Fic. 2. Effect of propylthiouracil on the iodine-concentrating mechanism of thy- 
roid. Radioautograph of ascending chromatogram prepared from a saline extract 
of thyroids of rats treated with propylthiouracil for 2 weeks. All of the I'*! taken 
up by the gland is inorganic. 


the normal range, indicating an adequate supply of iodine. Even in a 
sheep thyroid gland which contained 243 mg. per cent of iodine, the inor- 
ganic iodide constituted only 0.8 per cent of the total iodine. There ean 
be little doubt that filter paper partition chromatography provides a much 
more specific method than those previously available for separating inor- 
ganic iodide from other iodine-containing fractions of the thyroid. 


Nature of Lodine Concentrated by Propylthiouracil-Inhibited Thyroids 


Fig. 2 is the radioautograph of a chromatogram prepared from the thy- 
roids of rats that had been fed a diet containing 0.15 per cent propylthio- 
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uwacil for 2 weeks. The chromatogram in this case was prepared from a 
saline extract of the thyroids 1 hour after the rats were injected with radio- 
active iodine. It is evident that all the radioactive iodine in the gland at 
this time is in the form of inorganic iodide. This finding is an excellent 
confirmation of the results of previous investigations which indicated that 
the iodine concentrated by the thiouracil-inhibited thyroid is all inor- 
ganic (5, 6). 


DISCUSSION 


The technique of filter paper chromatography is particularly well suited 
to the determination of the inorganic iodide fraction of the thyroid gland, 
especially since the latter can always be labeled with radioactive iodine, 
either by injecting the animal with radioactive iodine or, more simply, by 
adding radioactive iodide directly to the thyroid tissue just before analysis. 
The latter procedure is especially useful in analyzing the thyroids of large 
animals which, for practical considerations, cannot be injected with radio- 
active iodine. 

The methods of extraction of the thyroid tissue employed here were mild, 
especially the extraction with slightly alkaline saline. It is not likely 
that such treatment could result in the breakdown of organic iodine. Fur- 
thermore, the two methods of extraction used here, one acid and the other 
alkaline, yield roughly similar results. The values for different species 
were also in fair agreement. These findings lend support to the reliability 
of the method used here. 

Although inorganic iodide comprises only about 1 per cent of the thy- 
roid gland’s total iodine, the concentration of this component in the gland 
is still many hundred fold greater than its concentration in plasma. 
Plasma inorganic iodide was too low to be determined directly in the 
animals used here, but the level, estimated by the difference between 
total and protein-bound iodine, did not exceed 1 to 2 y per cent. The thy- 
roids, on the other hand, contained 600 to 1600 y per cent of inorganic 
iodide. A concentration ratio of at least 500 therefore exists between 
plasma and the normal gland. 

In previous experiments reported from this laboratory (7), the concen- 
tration ratio, after the injection of large doses of labeled iodide (50 to 500 
y) into normal rats, varied between 100 and 300. Similar ratios were 
found in propylthiouracil-treated animals, whose thyroids concentrate only 
inorganic iodide (6). These ratios are significantly lower than those ob- 
served in the work reported here. 

Still lower concentration ratios have recently been reported by Vander- 
laan and Greer (8). These workers injected radioactive iodide into rats 
which had previously received a single injection of propylthiouracil, and 
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measured the concentration ratio 1 hour later. They found that the con. 
centration of radioactive iodine in the thyroid at that time was only 25 
times greater than that in plasma. It seems that, under the conditions 
of their experiment, the maximum concentration ratio was not achieved, 


SUMMARY 


1. Thyroid tissue from rats, rabbits, dogs, and sheep was extracted either 
with ice-cold slightly alkaline saline or with ice-cold 10 per cent trichloro- 
acetic acid. The inorganic iodide contained in the extracts was separated 
from the other iodine-containing constituents by the method of filter paper 
partition chromatography and located by the inclusion of inorganic radio- 
active iodide. The sections of the chromatograms corresponding to inor- 
ganic iodide were analyzed for I)”. 

2. Inorganic iodide comprised only about 1 per cent of the total iodine 
of the gland, its concentration varying from 0.6 to 2 mg. per cent. These 
values are much lower than those obtained by previous methods. It is 
concluded that filter paper partition chromatography offers a much more 
specific method than those previously available for determination of inor- 
ganic iodide. 

3. Although inorganic iodide comprises only about 1 per cent of the 
gland’s total iodine, its concentration in the gland is at least 500 times 
greater than its concentration in plasma. 
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INSULIN AND THE FATE OF LACTATE IN THE DIABETIC 
LIVER* 


By J. M. FELTS, I. L. CHAIKOFF, anp M. J. OSBORN 


(From the Division of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, January 11, 1951) 


By the use of C'*-labeled compounds, we demonstrated in an earlier study 
(1-3) that defective carbohydrate utilization in the diabetic liver is the 
result of at least two enzymatic blocks: one at an early stage in glycolysis, 
the other in the synthesis of fatty acids from a ‘‘2-carbon-like” inter- 
mediate. 

The present investigation deals with the action of insulin at the bridge 
between glycolysis and the oxidative cycle. We have studied the metabo- 
lism of C-labeled lactate and acetate in the liver of the alloxan-diabetic 
rat, and the effect of insulin on that metabolism. Under the influence of 
this hormone, the oxidation of these compounds to CO. was appreciably 
decreased, but their incorporation into fatty acids was greatly increased. 
It thus appears that insulin shifts reactions, at this point in the metabolic 
cycle, from catabolism to synthesis. 


EXPERIMENTAL 


Treatment of Animals—Rats of the Long-Evans strain were used in this 
study. Diabetes was induced by injection of alloxan monohydrate 
(Edean). A period of at least 1 month was allowed to elapse from the 
time the rats were injected to the time their livers were excised. During 
that period, daily records were kept of food and water consumption, weight 
changes, and urine excretion. The amounts of glucose excreted in the 
urine were measured periodically. All rats used in this study manifested 
a fasting blood sugar of 250 mg. per cent or more approximately 1 week 
before they were sacrificed. A record of their diabetic histories is shown 
in Table I. 

The rats were maintained on an adequate stock diet up to 3 days before 
their sacrifice. During the last 3 days, all rats were fed a low fat, high 
carbohydrate diet consisting of 58 per cent glucose, 22 per cent casein, 6 
per cent salt mixture (4), 12 per cent Cellu flour, 2 per cent VioBin liver 


* Aided by a grant from Eli Lilly and Company. 
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powder, and a water-soluble vitamin mixture.!. Every other day, each rat 
received 1 drop of sardaline? and 2 mg. of a-tocopherol acetate dissolved 
in corn oil. 

Five of the ten diabetic rats (Table II) received insulin. The hormone 
was injected only during the last 2 days. Each rat was injected subcu- 
taneously, at 48 hours and again at 24 hours before it was sacrificed, with 
50 units of protamine zine insulin (Lilly) per kilo of body weight. Each 
rat also received subcutaneously an injection of 50 units of unmodified 
insulin (Lilly) per kilo of body weight exactly 2 hours before its sacrifice. 


TABLE I 
History of Diabetic Rats Used in This Study 














Rat weight Degree of diabetes 

Rat No. Sex When When go Daily food | Maximum | Maximum | Fasting 
injected | saericed ae fer fae Go 

gm. | gm. days gm. cc. gm. — 

Dit M. 186 144 45 10-32 112 2.4 359 
D2t a 144 170 45 10-39 112 G1 379 
D3t ce 242 215 60 10-31 106 6.9 319 
D4t 150 197 60 10-32 118 5.8 259 
D5t F. 250 181 34 20-33 160 485 
D6t M. 234 280 146 10-40 120 355 
D7t F. 205 126 35 20-30 100 305 
D8t fj 220 229 35 10-30 120 412 
D9t M. 210 167 34 15-30 115 461 
D10t 360 275 48 15-40 140 555 





























* Determined after a 24 hour fast on whole blood about 1 week before sacrifice. 

t Diabetes induced by intravenous injection of 50 mg. of alloxan monohydrate 
per kilo of body weight. 

t Diabetes induced by subcutaneous injection of 180 mg. of alloxan monohydrate 
per kilo of body weight. 


Preparation of Substrates—The lactate-1-C™ was obtained from the Oak 
Ridge National Laboratory. Lactate-2-C“ and lactate-3-C"™ were kindly 
supplied by Dr. B. M. Tolbert. All three compounds were received as 
the zinc salt. Each was dissolved in a small quantity of water, passed 
over a cation adsorption column, washed through with 5 volumes of dis- 
tilled water, and quantitatively recovered as the free acid. The sodium 


1 Each 100 gm. of diet contained the following: 100 mg. of choline chloride, 5 
mg. of niacinamide, 100 mg. of inositol, 5 mg. of calcium pantothenate, 1 mg. of 
thiamine hydrochloride, 1 mg. of riboflavin, 1 mg. of pyridoxine hydrochloride, 
1 mg. of p-aminobenzoic acid, and 0.02 mg. of biotin. 

2A fish oil containing vitamins A and D. 

3 The insulin used in this study was kindly furnished by Eli Lilly and Company. 
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salts were made by titration with standard sodium hydroxide while the 
solution was kept hot to break lactide formation. The final solution was 
then concentrated, by gentle boiling, to a desired volume. 

The doubly labeled C'-acetate was prepared by the method of Barker 
and Kamen (5). This, too, was used as the sodium salt. © 

The C™ content of each substrate was determined by plating its 
sodium salt, with essentially zero mass, directly on an aluminum disk. 
To convert counts so obtained to BaCO;-filter paper values (6), we de- 
termined the C™ activity of several samples of C* glucose by both pro- 
cedures: (a) complete oxidation to CO, by the Van Slyke-Folch method 
(7) and mounting the BaCO; on filter paper (6), and (b) direct mounting, 
with essentially zero mass, on aluminum disks. 

The amounts of lactate and acetate added to each incubation flask were 
contained in 0.5 ce. of a solution which was made isotonic by the addition 
of NaCl. Each flask contained 50 um of acetate or lactate and from 
15 X 104 to 25 X 10% ¢.p.m. of C. All samples were counted with a thin 
end window Geiger-Miiller tube which had an efficiency of 5 to 7 per cent. 

Preparation of Liver Slices and Incubation Procedure—The rats were sac- 
rificed by cervical fracture, and their livers were quickly excised. Liver 
slices of approximately 0.5 mm. thickness were prepared free-hand with a 
razor blade and placed in Krebs-Henseleit bicarbonate buffer (8). The 
whole liver and the slices were kept at a low temperature during the slicing 
period. Approximately 500 or 675 mg. of slices were gently blotted on a 
filter paper, weighed on a torsion balance, and placed in the incubation 
flask. 

The incubation flask described elsewhere by Chernick eé al. (9) was used. 
The liver slices were placed in its main compartment together with 4.5 cc. 
of Krebs-Henseleit buffer and 0.5 cc. of the substrate solution. The de- 
tails of the incubation procedure and the collection of C“O. have been 
described elsewhere (9). 

Fatty Acid Determination—The contents of the main compartment were 
saponified with alcoholic KOH on a steam bath for 9 hours. The mixture 
was acidified with HCl and allowed to stand in a refrigerator overnight. It 
was then filtered through Whatman No. 1 filter paper and the residue was 
washed thoroughly, first with slightly acidified water and next with dis- 
tilled water. The total lipides on the filter paper were then extracted with 
a hot acetone-ether (1:1) mixture, and the extracts were collected in a 
50 ce. Erlenmeyer flask. The solvent was completely evaporated in an 
atmosphere of COs, and 2 ee. of a 0.5 per cent solution of digitonin in 85 
per cent alcohol were added. The flask was heated on a steam bath for 
1 hour to precipitate the cholesterol digitonide. The mixture was then 
allowed to stand overnight at room temperature. 

Fatty acids were removed from this mixture by repeated extraction with 
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hot (1:1) acetone-ether. The combined extracts were filtered through a 
funnel containing a plug of Pyrex wool in the stem and collected in an 
Erlenmeyer flask provided with a side arm. The filtrate was evaporated 
to dryness in an atmosphere of CO. The precipitate was suspended in 
3 cc. of distilled water and the mixture was extracted 6 times with small 
amounts of hot petroleum ether. The combined petroleum extracts were 
dried over Na2SO, for 12 hours. 10 cc. aliquots of the petroleum ether 
solution of fatty acids were dried under a vacuum for several hours at 60°. 
The fatty acids so obtained were oxidized to CO2 in a Van Slyke micro 
combustion apparatus, and the evolved CO: was collected as BaCO;. This 
precipitate was then mounted on filter paper after the manner of Enten- 
man et al. (6). The actual weight of the BaCO3 was used to determine 
the fatty acid content of the liver slices, whereas the C“ content of this 
precipitate gave the fatty acid-C values. The C™“ was counted as de- 
scribed above to a net standard deviation of not greater than 5 per cent. 

Carbohydrate Analysis—500 mg. of liver slices taken from the pool were 
treated with 5 cc. of 1 Nn HCl for 3 hours on a steam bath. The volume 
was kept constant by covering the flask with a bubble stopper. The mix- 
ture was neutralized by addition of solid Na,CO; and transferred to a 
volumetric flask. An aliquot was deproteinized with ZnSO, and NaOH, 
according to the method of Somogyi (10), and centrifuged. The clear 
supernatant fluid was analyzed for reducing value (11). This value rep- 
resents the total carbohydrate content of the slices at zero time. 

Blood was taken from each rat, by heart puncture, just before it was 
sacrificed. The sample was drawn into an oxalated syringe and immedi- 
ately transferred to the deproteinizing solution. The glucose determina- 
tion was made as stated above. 

Glycogen determinations were carried out in duplicate from 500 mg. 
samples of the liver slices by the method of Good, Kramer, and Somogyi 
(12), as modified by Sjégren et al. (13). 


Results 


The total carbohydrate, glycogen, and fatty acid contents of the livers 
used for the preparation of slices are recorded in Table II. Some differ- 
ence was observed in the fatty acid contents of the various types of livers.' 
In the injected diabetic rats, the glycogen content rose to as much as 10.5 
per cent of the wet weight of the liver. This accounts, in some measure, 
for the increased weights of the livers of these rats. 

Weighed portions of slices from a single liver were incubated with each 

4 Table I shows that the actual amounts of fatty acids found in the livers of the 


insulin-treated, diabetic rats are greater than those in the livers of untreated, dia- 
betic rats. The significance of this increase is being further studied. 
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of the following compounds: lactate-1-C™, lactate-2-C™, lactate-3-C™, and 
acetate in which both carbons were labeled with C™. Thus in each ex- 
periment (Table III) the metabolism of these four compounds was studied 
in the same liver. 

Lactate-1-C'\—From 35 to 46 per cent of the added C“ was converted 
by the liver slices of normal rats to CO: and very little to fatty acids. The 
amounts converted to CO, by the diabetic liver were not significantly dif- 
ferent; previous insulin injections had little effect on the C“O, values.§ 


TaB_e II 


Carbohydrate and Fatty Acid Contents of Liver Slices Obtained from Normal 
and Alloxan-Diabetic Rats 






































— — Composition of liver slices 
Rit Nov andistate = bide seg ne zinc sugar at weight as l 

weight insulin injected aaerihice *ae Roms bol =, Carbo. | fatty 

s 

units per| re 

gm. — days “— i per cent | per cent | per cent 

N1. Normal 265 0 0 2.45 | 2.00 
N2; “ | 173 0 0 127 4.52 | 2.35 
Ne 340 0 0 121 3.53 3.58 | 4.22 | 1.92 
D1. Diabetic 144 0 0 435 1.85 | 1.42 
D2. hls 170 50 2 73 5.88 | 2.30 
D8. 215 0 0 530 3.26 2.06 | 3.54] 1.99 
D4. Sn © 197 50 2 50 12.1 7.60 | 10.10 | 4.22 
D5. bs 181 0 0 808 5.03 1.25 | 2.84] 1.08 
D6. ie ds 280 50 2 119 6.25 4.02 | 4.66 | 4.25 
D7. x 126 0 0 801 5.55 1.44 | 2.95} 1.48 
D8. ees 229 50 2 154 8.95 | 10.50 | 10.80} 4.06 
D9. s 167 0|;-0 967 4.46 2.29 | 2.80] 1.85 
mm * © |) Sei @i 3 193 | 6.91 | 7.00 | 2.96 





* In addition, each of these rats received 50 units of unmodified insulin per kilo 


| of body weight exactly 2 hours before sacrifice. 


Lactate-2-C'—The CO, expired by the normal liver slices contained from 
13 to 20 per cent of the added C“%. The recoveries of CO, in the experi- 
ments with diabetic livers were certainly not lower. About 2 per cent of 
the C was recovered as fatty acids in the experiments with normal liver 
slices, and from 0.1 to 1.0 per cent with the diabetic liver slices. 

Under the influence of the insulin injections a pronounced stimulation 
was observed in the incorporation of the a-carbon into fatty acids, the 
actual increase amounting, in some cases, to 100-fold. Indeed, the re- 

5 An increase in the incorporation of C™ into fatty acids was observed in the 


injected animal. But, since the total incorporation was less than 0.1 per cent, 
the counting accuracy was considered to be too low for accurate determinations. 
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coveries of fatty acid-C™ found in the experiments with the livers of the 
insulin-treated, diabetic rats exceeded by far those found in normal livers, 
In view of this extraordinary effect of insulin on recoveries of fatty acid-C¥, 
it is not surprising that a concomitant reduction in C“QO, recoveries was 
observed in these experiments. 

Lactate-3-C'—A striking difference in the rates of conversion of the a- 
and 8-carbons to CQ, is revealed by the results shown in Table III. The 


Tas_e III 
Recoveries of Added Lactate-C'4 and Acetate-C As Fatty Acids and CO2 
Each value is the average of two separate determinations. 









































z | | lPer cent of added} Per cent of Per cent of | Per cent of added 
= Pretreatment “eet | lactate-1-C'4 added lactate- added lactate-3- C4HsC“OOH 
Z | Rat with prota- | = * is eal recovered as |2-C' recovered as|C™ recovered as} recovered as 
3 | No. — — Finis: i> (ice : 
i jE | cro |e.) cro (28 | os | ar) coos | 238 
units | | 
per kg. | days mg. | 
per day | 
1|N1 0 0| 500 | 46.0) 0.0) 19.5) 2.2) 11.8 | 2.1 | 
2| N2 0 | 0} 500 | 43.0| 0.0] 17.0] 1.7] 8.4 | 
3 | N38 0 0| 500 | 35.4) 0.0] 12.8) 2.8) 7.0} 2.9 | 
4| D1 0 0; 500 | 43.3) 0.0] 16.4) 0.17) 10.8 | 0.18) 18.3 | 0.24 
D2 50* | 2] 500 | 82.4) 0.0] 5.6 | 14.2| 2.8/17.9]| 4.8 | 14.9 
5 | D3 0 0! 500 17.0 | 0.22) 9.7| 0.19] 33.5 | 6.25 
D4 50* | 2) 500 3.6 | 17.4] 2.1 | 16.9] 6.5 | 44.7 
6 | D5 0 0| 675 | 36.0; 0.0) 11.7 | 0.11) 9.0 | 0.13) 23.8) 0.85 
D6 50* | 2) 675 | 40.3) 0.0) 7.6 | 11.1] 4.8] 18.9] 7.2 | 18.5 
Fetus 0 0| 675 | 66.4 | 0.0} 20.0 | 1.1 | 15.1] 1.1} 40.4] 2.4 
D8 50* | 2] 675 | 58.4; 0.0] 6.6 | 24.5] 3.7 | 30.4] 7.3 | 48.0 
8 | D9 0 | 0| 500 | 43.3| 0.0] 14.2! 1.2] 7.9| 1.0] 18.6| 1.8 
D10 | 50* 2" 500 | 32.6 | 0.0} 7.5 | 13.9] 3.9 | 18.8] 6.6 | 17.3 











* In addition to the amounts recorded above, each of these rats received 50 units 
of unmodified insulin per kilo of body weight exactly 2 hours before sacrifice. 


CO, values were 25 to 50 per cent lower in experiments with lactate-3-C" 
than in those with lactate-2-C“. The fatty acid-C™ recoveries at the ex- 
pense of these 2 carbons were, however, practically identical. 

Insulin injections resulted in a striking stimulation in the incorporation 
of the 8-carbon into fatty acids. Even under the influence of this hor- 
mone, the rate of incorporation of the 6-carbon into fatty acids was prac- 
tically the same as that of the a-carbon. 

Acetate-C'*—Incorporation. of the isotope of evenly labeled acetate into 
CO, and fatty acids was, on the whole, more variable than that observed 
with the singly labeled lactates. Insulin had the same effect on acetate 
utilization as it did on the C-2 unit derived from lactate. Thus pretreat- 
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ment of rats with insulin induced a lowered incorporation of C™ into CO 
and a marked increase in the fatty acid-C“ values, which, in one case, 
rose to 48.0 per cent of the added C*. 


DISCUSSION 


For purposes of discussion we have assumed that pyruvate derived from 
the added lactate yields, upon decarboxylation, a C-2 fragment. The fate 
of this fragment, in conversion to CO, and in fatty acid synthesis, is shown 
in Table IV. 


The results of the present investigation clearly show that insulin has 


TABLE IV 
Fate of C-2 Fragment Formed from Lactate in Liver 
It is assumed that decarboxylation of lactate gives rise to a C-2 fragment. 





























Per cent of decarboxylated 
Experiment! pat no, | eure. | Bt COmegaES &° Sty | Minctats onidned to'COs | 4 
No. tate decar- B 
boxylated 
a-Carbon 8-Carbon |a-Carbon (A)|8-Carbon (B) 
1 Nl 46.0 4.9 4.5 42.5 25.7 1.65 
2 N2 43.0 3.9 39.3 19.56 | 2.02 
3 N3 35.4 7.8 8.1 36.1 19.7 1.83 
4 Di 43.3 0.38 0.42 37.8 24.8 1.52 
D2 32.4 43.8 55.3 17.2 8.6 2.07 
6 D5 36.0 0.31 0.36 32.6 25.0 1.30 
D6 40.3 27.4 34.5 18.9 11.9 1.59 
7 D7 66.4 1.6 1.6 30.2 22.8 1.32 
D8 58.4 42.2 52.6 11.4 6.4 1.78 
8 D9 43.3 2.8 | 2.3 32.6 18.2 1.79 
D10 32.6 42.8 | 42.5 22.8 11.9 | 1.92 








little effect on hepatic oxidation of the carboxyl carbon of added lactate. 
No significant amount was converted to fatty acids in either the normal, 
the diabetic, or the insulin-treated, diabetic liver, and the amounts of 
C“O. recovered were about the same in the experiments carried out with 
these three types of liver. It would appear, if decarboxylation of lactate 
is an index of the formation of C-2 intermediates, that the formation of 
such intermediates proceeds unhampered in the diabetic liver and that 
their rate of formation is not controlled by insulin. 

Even though insulin appears to have no effect on the rate of decarboxyla- 
tion of lactate in the liver, it should not be inferred that the formation of 
C-2 intermediates from other sources is not influenced by this hormone. 
A good example is glucose, the utilization of which is blocked in the dia- 
betic liver long before it gives rise to a C-2 fragment (8). 
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The percentages of the added lactate-2-C™ and lactate-3-C™ recovered 
as fatty acid-C“ were in strikingly good agreement in the case of each 
liver. For example, in two of the normal livers studied, these two sub- 
strates yielded values of 2.2 and 2.1, and 2.8 and 2.9 per cent respectively. 
The respective values for the diabetic livers were 0.17 and 0.18, 0.22 and 
0.19, 0.11 and 0.09, 1.1 and 1.1, and 1.2 and 1.0 per cent. The corre- 
sponding values for the insulin-treated, diabetic livers were 14.2 and 17.9, 
17.4 and 16.9, 11.1 and 13.9, 24.5 and 30.4, and 13.9 and 13.8 per cent. 
Such agreement under these different experimental conditions affords ex- 
cellent confirmation of the view that, after decarboxylation, a 2-carbon 
fragment is formed which is then incorporated intact into fatty acid 
molecules. 

Interestingly enough, the percentages of lactate-2-C™ and lactate-3-C" 
converted to C“O, were not the same in each liver studied (Tables IIT and 
IV). The rate at which the a-carbon was converted to CO, in3 hours was 
twice as high as that of the B-carbon. This was true for the livers of 
normal, diabetic, and insulin-treated, diabetic rats. Thus, even though 
the C-2 fragment formed from lactate is incorporated as an intact unit into 
fatty acid molecules, the rates at which the 2 carbons of this fragment are 
converted to CO, while passing through the Krebs cycle differ considerably. 
The time lag for the B-carbon may indicate that it is selectively diluted 
somewhere in the oxidative cycle or that it is selectively utilized for syn- 
thesis. This phase in the utilization of the C-2 intermediate is under fur- 
ther investigation.® 

Insulin can influence, in a most pronounced manner, the fate of both 
a- and 6-carbons; 7.¢e., their oxidation to CO: as well as their synthesis to 
fatty acids. 

About 2 per cent of the added a- and B-carbons of lactate was recovered 
as fatty acids in experiments with normal livers, and 1 per cent or less with 
the diabetic livers. This reduction in capacity to convert lactate to fatty 
acids in the diabetic liver is in keeping with our earlier findings when C™- 
labeled glucose and acetate were used as substrates (1-3). 

The most striking example so far obtained in this laboratory of the aug- 
menting action of insulin upon lipogenesis is shown in the experiments 
with lactate-2-C™ and lactate-3-C“. The percentages of the C“ recovered 
as fatty acids were 100-fold greater in the livers of insulin-treated, diabetic 
rats than in those of diabetic rats that received no insulin.‘ 

A pronounced reduction in CO, recoveries accompanied the augmented 

6 The same mechanism may be involved in the oxidation of the C-2 fragment 
derived from palmitic acid. In experiments carried out in this laboratory with 


rat liver slices, Goldman and Brown found that about twice as much CO, is formed 
from palmitic acid-5-C' as from palmitic acid-6-C™, 
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amounts of C' incorporated into fatty acids under the influence of insulin. 
It should be noted here that the livers of the insulin-treated, diabetic rats 
contained considerably more glycogen’ than did those of the diabetic rats 
that received no insulin. C-2 fragments formed during incubation from 
the massive amounts of glycogen present in the livers of the former at the 
start of the experiment could, by dilution, account for the lowered C“O, 
recoveries observed in the insulin experiments. But in view of the more 
than 100-fold increase in utilization of C-2 fragments for fatty acid synthe- 
sis after insulin injections, diversion of the C-2 fragments from entering the 
oxidative cycle would appear to offer a more reasonable explanation for 
the decreased CO, values. The observation that, under the influence of 
insulin, the carbons of acetate undergo a similar diversion in their metabo- 
lism is in keeping with this view. 

It is becoming clear from experimental evidence obtained in this labora- 
tory that insulin is involved at more than one point in the path of carbo- 
hydrate utilization in the liver. Its action on the initial phosphorylative 
stage has already been dealt with (3), and our more recent evidence indi- 
cates that hexokinase is depressed in the absence of insulin;® here insulin 
actually promotes glucose oxidation by stimulating its entrance into the 
metabolic cycle. But the entrance of lactate into the cycle is not blocked 
in the diabetic liver; the CO, recoveries were of the same order in normal 
and diabetic livers. Insulin can, however, direct the fate of the C-2 frag- 
ment from the oxidative pathway (7.e., to COz) to fatty acid synthesis. 


The technical assistance of Mr. N. Baker is gratefully acknowledged. 


SUMMARY 


1. The fate of lactate-1-C™, lactate-2-C", lactate-3-C", and acetate, in 
which both carbons were labeled with C™“, was studied in surviving liver 
slices prepared from (1) normal rats, (2) alloxan-diabetic rats, and (3) al- 
loxan-diabetic rats that had received insulin for several days before their 
sacrifice. 

2. About 2 per cent of the a- and £-carbons of lactate was incorporated 
into fatty acids by the normal liver. The amounts of these 2 carbons 
recovered as fatty acid-C" for each liver in the three experimental states 


™The livers of the diabetic rats used in this study contained about 2 per cent 
glycogen, whereas those of the insulin-treated, diabetic rats contained as much 
as 10.5 per cent glycogen (Table II). 

8 If this were the case, the actual stimulation in hepatic lipogenesis induced by 
insulin injections could, of course, be even greater than the 100-fold indicated by 
cursory examination of our data. 

°S. §. Chernick, unpublished work. 
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were strikingly similar. This affords excellent confirmation of the view 
that these 2 carbons of lactate are treated as a unit in their conversion to 
fatty acids. 

3. Practically none of the carboxyl carbon was incorporated into fatty 
acids. From 30 to 60 per cent of the carboxyl carbon was converted to 
CO., and no significant differences were observed in the amounts so con- 
verted in the three experimental states studied. The influence of insulin 
on the formation of C-2 fragments derived from lactate and other sources 
is discussed. 

4. In the case of each liver, regardless of the experimental state, the 
amounts of the a-carbon converted to CO: were about twice those observed 
for the B-carbon. 

5. The incorporation of the a- and 8-carbons into fatty acids was re- 
duced to low values in the experiments with diabetic livers. Previous 
insulin injections resulted in 100-fold increase in the recoveries of the a- 
and §-carbons as fatty acids and a pronounced reduction in their amounts 
converted to CO. It is therefore suggested that, at the point in carbohy- 
drate utilization at which lactate enters, insulin shifts reactions from 
oxidation to synthesis. 
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BIOSYNTHESIS OF UREA 


III, FURTHER STUDIES ON ARGININE SYNTHESIS FROM 
CITRULLINE* 


By 8. RATNER anp BARBARA PETRACK 


(From the Department of Pharmacology, New York University College of Medicine, 
New York, New York) 


(Received for publication, March 21, 1951) 


Previous studies on the enzymatic mechanism of urea synthesis in mam- 
malian liver have shown that an isolated enzyme system, prepared from 
acetone-dried liver powders, catalyzes a high energy phosphate-dependent 
synthesis of arginine from citrulline. On the basis of preliminary evidence, 
a reaction mechanism was formulated which involves two distinct steps. 
In the first step (Reaction 1, a), aspartic acid and citrulline, in the presence 
of Mgt* and adenosinetriphosphate (ATP), condense to form an inter- 
mediary condensation product with the simultaneous formation of inor- 
ganic phosphate. In the second step (Reaction 1, b), the intermediate is 
hydrolyzed to form arginine and malic acid (1). 


(1, a) u-Citrulline + L-aspartic acid + ATP = intermediate + ADP! + =PO, 
(1, b) Intermediate + H.O = L-arginine + l-malic acid 


The present communication is concerned with the separation of these two 
enzymes, the assay and partial purification of the condensing enzyme, and 
the results obtained thus far in studies of the mechanism of each reaction. 

Separation of Condensing Enzyme from Hydrolyzing Enzyme—A 3-fold 
purification of the enzyme system catalyzing the over-all conversion of 
citrulline to arginine (Reactions 1,a and b) by means of low temperature 
alcohol fractionation was described in the earlier study. By ammonium 
sulfate fractionation, the two enzymes catalyzing the postulated partial 
reactions have now been separated. This is illustrated in Table I. The 
data were obtained under the same experimental conditions as those de- 
scribed previously. For purposes of the experiment, each fraction was 
dialyzed overnight against 0.05 m phosphate buffer, pH 7.5. This led to 
considerable loss of activity. Nevertheless, while each fraction showed no 
more than a trace of activity when tested alone, the combination of either 
one of the first two fractions with either one of the last two resulted in a 

* Aided by grants from the American Cancer Society (recommended by the Com- 
mittee on Growth of the National Research Council), the Office of Naval Research, 


and the United States Public Health Service. 
1 Adenosinediphosphate. 
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much larger increase in activity than would be expected from mere summa- Th 
tion. Since arginine was estimated as urea, an excess of arginase was | of ure 
added should this enzyme become limiting in the course of fractionation. | empl 
By investigating each fraction separately with respect to the products of | can b 
the reaction, it became apparent that condensing activity (Enzyme A) was | urea i 
associated with the fractions precipitating at the higher salt concentration, | empl 
and hydrolyzing activity (Enzyme B) with the lower fractions. ing b 

That Enzymes A and B may be entirely freed of each other is shown in | citrul 
the lower section of Table I. Fraction 3C, corresponding to Enzyme A, | able 
























































TaBLeE [| meth 
Separation of Condensing Enzyme from Hydrolyzing Enzyme 
In addition to enzyme, each tube contained the following, expressed as micro- C 
moles per 4 ml.: 5 ATP, 20 t-aspartic acid, 20 L-citrulline, 50 p-3-phosphoglyceric 
acid, 13 magnesium sulfate, 100 potassium phosphate, pH 7.5, muscle extract 8 mg., Fra 
arginase 21 units; 38°; 20 minutes. Fraction 2B was obtained by refractionation of Fracti 
Fraction 2, and Fraction 8C by refractionation of Fraction 3. wines 
Ammonium phosp! 
Fraction No. sulfate Protein used Fractions combined the tu 
saturation 
per cent mg me i . 
1 0-20 29.6 + + 
2 20-30 20.5 + = | 
3 30-40 22.5 + oe <r 
4 40-50 31.2 4. + 
2B 20-30 40.5* + + 
3C 40-50 16.6 | +] + 
Arginine formed, uw........... 1.7 shied 0.4) 0.0) 7.2) 6.2)11.4/11.6 0.0) 0.0)/13.6 4g, 
* Amount used represents a large excess of Enzyme B. forma 


was obtained by refractionation of Fraction 3 and represents the fraction | been 
precipitating at 40 to 50 per cent saturation. Fraction 2B (Enzyme B) | Zyme 
was obtained by refractionation of Fraction 2 and represents the fraction | ing hy 
again precipitating between 20 and 30 per cent saturation. Since arginase | Tor. 
was uniformly present, the absence of activity when Fractions 3C and 2B In 
were tested alone indicates complete lack of mutual contamination. tions, 

Method of Following Condensation Reaction—A method has not yet been | the 4 
developed for estimating the intermediary condensation product directly | large 
and the rate of condensation has therefore been followed by measuring the | Enzy 
disappearance of citrulline. Although this has the obvious disadvantage | the s] 


of following a change in substrate concentration, the colorimetric method Na 
employed is reasonably rapid and, as shown below, highly specific under | Enzy 
the experimental conditions employed. been 
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The two colorimetric methods described by Archibald for the estimation 
of urea (2) and citrulline (3), respectively, differ in the choice of diketone 
employed for color development. With a-isonitrosopropiophenone, urea 
can be estimated in the presence of citrulline, since the color formed with 
urea is about 10 times greater than with citrulline. The latter method was 
employed in studies of the over-all reaction, an appropriate correction hav- 
ing been made for the remaining citrulline. However, in the method for 
citrulline estimation, the diacetyl monoxime employed develops consider- 
able color with urea. As pointed out by Archibald, the application of this 
method is therefore limited to materials from which urea is absent or has 


Tas_e II 


Comparison of Condensing Enzyme Assay by Citrulline Disappearance and 
Urea Formation 
Fractions 3A, 3B, and 8C were obtained by refractionating Fraction 3 (Table I). 
Fraction 4 is the same as in Table I. Enzyme B is Fraction 2B, Table I; 40 mg. 
were added where indicated. All fractions were dialyzed against 0.05 m potassium 
phosphate, pH 7.5. Conditions as in Table I. 21 units of arginase were added to 
the tubes containing Enzyme B. 























Specific activity* 
Ammonium sulfate ek 
Enzyme A p 
saturation A citrulline 'Urea —_ B 
ayes eed 
per cent | 
3A 0-30 0.57 | 0.74 
3B 30-40 1.83 | 2.00 
3C 40-50 2.50 | 2.55 
4 40-50 2.21 | 2.45 


* Specific activity is defined as micromoles of citrulline disappearance or urea 
formation per mg. of protein per hour. 


been removed. When this procedure is used to follow the activity of En- 
zyme A by citrulline disappearance, the formation of urea by contaminat- 
ing hydrolyzing enzyme, in the presence of arginase, will cause appreciable 
error. 

In order to test the validity of this procedure, various Enzyme A frac- 
tions, obtained by refractionation of Fraction 3 (Table I), were assayed by 
the A citrulline method and by the urea method. In the latter case, a 
large excess of Enzyme B and of arginase was added to limiting amounts of 
Enzyme A. These are compared in Table II, where it may be seen that 
the specific activities arrived at by the two methods are in good agreement. 

Nature of Hydrolyzing Reaction—With preparations of Enzyme A free of 
Enzyme B, the intermediary condensation product accumulates and has 
been isolated as the barium salt (4). It is quite stable and acts as a spe- 
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cific substrate for Enzyme B. As is to be expected from a disubstituted 
guanido derivative, the intermediary product fails to give more than traces 
of color under the conditions employed for estimating arginine by the Sak- 
aguchi method (5) or for estimating creatine with diacetyl and a-naphthol 
in alkaline solution (6). In the presence of arginase and an excess of En- 
zyme B, hydrolysis of the intermediate appears to be complete, and ad- 
vantage has been taken of this behavior in the quantitative estimation of 
the compound. Its isolation, purification, and characterization will be 
described in a separate paper. 

Investigation of Reaction 1, b, with the isolated intermediate as sub- 
strate, confirms the formulation of the enzymatic mechanism as being a 
purely hydrolytic reaction. Neither ATP nor Mgt is required and the 
rate of hydrolysis is not influenced by the absence of inorganic phosphate. 
The time course of the reaction has been investigated by estimating the 
arginine and malic acid formed as hydrolysis progresses. It may be seen 
from Table III that the products? appear in equivalent amounts, regard- 
less of the fraction of intermediate remaining. 

The results indicate that the intermediate is homogeneous within the 
limits of assessed purity and that, in agreement with the assigned structure, 
it behaves, enzymatically, as a derivative of arginine and malic acid. Hy- 
drolytic cleavage must then occur between one of the guanido nitrogen 
atoms and the carbon atom originally present in the a position of aspartic 
acid. 


Nature of Condensation Reaction 


Since the enzymatic pathway of arginine synthesis from citrulline and 
aspartic acid appears to be novel in many respects, the system has been 
studied in detail in-an effort to elucidate the fundamental aspects of the 
participation of high energy phosphate (~ph) in the transfer of amino 
groups and the synthesis of guanido groups. This has been approached by 
investigating the stoichiometry of substrate disappearance, by following 
phosphate transfer, and by seeking evidence of direct phosphorylation. 

Relationship of Intermediate Formation to Citrulline and Aspartic Acid— 
Since the intermediate can be determined by enzymatic hydrolysis, an in- 
vestigation of the condensation reaction has been carried out which demon- 
strates that aspartic acid and citrulline are each utilized in amounts which 
are equivalent to the intermediate formed. These experiments, as shown 
in Table IV, were conducted in two steps. Incubation mixtures were set 
up containing an excess of citrulline, varying amounts of aspartic acid, and 
sufficient condensing enzyme to catalyze the complete utilization of the 


2 The identification of arginine and malic acid by isolation and by means of highly 
specific enzymatic methods has already been described (1). 
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aspartic acid. A similar series was prepared containing aspartic acid in 
excess and varied amounts of citrulline. After incubation the reaction was 
stopped by heat inactivation, and sufficient arginase and hydrolyzing en- 
zyme were added to split all of the intermediate formed in the first step. 
The results given in Table IV are in substantial agreement with the formu- 
lation of Reaction 1,a. They indicate also that side reactions are virtually 


Tas_eE III 
Progressive Enzymatic Hydrolysis of Intermediary Condensation Product 

In addition to the intermediate, each tube contained 2.48 mg. of hydrolyzing 
enzyme, specific activity 10, 21 units of arginase, 0.3 ml. of m potassium phosphate, 
pH 7.5, and malate where indicated in a final volume of 3 ml. After incubation at 
38°, the tubes were heated at 100° for 2 minutes, the pH brought to 5.0 with 0.08 
nl. of 2 Nn HCl, and centrifuged. Urea was estimated in 0.5 ml. of the filtrates ob- 
tained by adding 0.5 ml. of the incubation mixture to 4 volumes of 8.3 per cent tri- 
chloroacetic acid. Malate was estimated in small Warburg vessels of 6 ml. capacity. 
Each vessel contained 1.0 ml. of supernatant and 0.2 ml. of m potassium phosphate, 
pH 5, in the main space. The side arm contained 0.05 ml. of MnCl: and 20 mg. of 
lyophilized bacteria (Qco, 5000) in 0.25 ml. of water; gas space, nitrogen; tempera- 
ture, 25°. All values are expressed in micromoles. 

A barium-free solution of the intermediate, containing 14.7 um per ml., was pre- 
pared by dissolving 40.0 mg. of the barium salt in 4.0 ml. of water, adding 0.4 ml. 
of 0.56 m potassium sulfate, and centrifuging the mixture. Assuming 1.5 atoms of 
Ba per mole, the salt was estimated to be 81 per cent pure. 























P Additions 
7 : Incubation time | Arginine formed | Malic acid formed 
Intermediate | Malic acid \ 
| min 
1 | 0.0 0 0.0 0.0 
2 14.7 | 0.0 15 5.7 6.0 
3 14.7 | 0.0 * 35 10.2 10.4 
4 14.7 | 0.0 40 4.3 | 414.5 
5 0.0* | 15.0 60 0.0 | 15.1 





* 7.3 um of intermediate were added to this tube only after the incubated mixture 
had been heat-inactivated. Malate recovery was thus estimated after exposure to 
hydrolyzing enzyme and in the presence of unhydrolyzed intermediate. 


absent and that the disappearance of citrulline measures the extent to 
which condensation has oceurred. 

High Energy Phosphate Transfer in Relation to Formation of Intermedi- 
ate—As previously reported, Reaction 1, a specifically requires high energy 
phosphate in the form of ATP. The transfer of phosphate from ATP dur- 
ing formation of the intermediate is evidenced by the appearance of inor- 
ganic phosphate. When phosphoglyceric acid (PGA), in the presence of 
catalytic amounts of ATP, serves as the ~ph donor, pyruvic acid appears 
as well. It might be expected, therefore, that phosphorylation of one of 
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the amino acid substrates, presumably citrulline, would take place initially, 
and that inorganic phosphate would be split out subsequently during con- 
densation. Nevertheless, it has not yet been possible to obtain evidence of 
phosphorylation apart from condensation. 

An alternative hypothesis, that phosphorylation occurs simultaneously 
with condensation, appears to be less likely for the reason that more in- 
organic phosphate is formed than intermediate. The ratio of the appear- 
ance of inorganic phosphate to citrulline disappearance varies with different 
preparations of condensing enzyme and with the experimental conditions, 


TaBLe IV 


Equivalence of Citrulline and Aspartic Acid Utilization to Amount of 
Intermediate Formed 


Each tube contained the following, expressed as micromoles per 4 ml.: 200 TAM 
buffer, pH 7.5, 26 magnesium sulfate, 5 ATP, 50 p-3-phosphoglyceric acid, 0.8 mg. 
of muscle extract, 11.4 mg. of condensing enzyme, specific activity 5.0; other ad- 
ditions as indicated. After 40 minutes at 38°, the tubes were heated at 60° for 2 
minutes. To 1 ml. samples of each were added 50 um of TAM buffer, 21 units of 
arginase, 6.5 mg. of hydrolyzing enzyme, specific activity 10.0; the mixture was in- 
cubated at 38° for 60 minutes. The arginine formed was then estimated as urea. 
All values are given in micromoles. 











Additions 
Citrulline disappearing Intermediate formed 
t-Citrulline | t-Aspartate 

30.7 | 7.5 7.6 7.8 
30.7 | 11.2 | 11.1 10.8 
30.7 | 15.0 15.4 14.2 

7.5 | 30 | 7.5 | 7.1 
11.2 - 30 | 11.2 | 10.9 
15.0 30 15.0 





but has always been found to be greater than 1, although less than 2. The 
ratios obtained in some representative experiments are given in Table V. 
The values for inorganic phosphate may be considered to be a reliable 
measure of the detectable transfer of ~ph, since the amount of pyruvate 
formed in each case was almost as high. Pyruvate and phosphate forma- 
tion in the absence of aspartic acid were identical with the values obtained 
in the absence of citrulline or of both amino acids and for this reason have 
been ascribed to contaminating ATPase activity and applied as a correction 
to the values found in the presence of both amino acids. 

If it is assumed, despite the present lack of direct evidence, that a pre- 
liminary phosphorylation does occur and that the phosphorylated amino 
acid is formed in excess over the rate of condensation, but is very labile or 
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is split by a phosphatase, then variable ratios greater than 1 might be ex- 
pected. The extent of phosphorylation, and consequently the ratio, might 
then increase with increasing amounts of ATP. This was investigated in 
the absence of PGA at initial ATP concentrations of 10, 20, and 30 um. 
Ratios of 1.61, 1.77, and 1.98 respectively were obtained. While these 
increases in ratio may perhaps indicate an increased phosphorylation, they 
should be regarded with some reservation. At the higher ATP concen- 


TaBLE V 


High Energy Phosphate Transfer in Relation to Citrulline Disappearance 
and Formation of Intermediate Product 


Each tube contained the following, expressed as micromoles per 4 ml.: 200 TAM 
buffer, pH 7.5, 26 magnesium sulfate, 5 ATP, 50 p-3-phosphoglyceric acid, 30 L- 
aspartic acid, and 30 L-citrulline where indicated, 5.5 mg. of condensing enzyme 
specific activity 8.0, 0.4 mg. of muscle extract ;* 20 minutes; 38°. All A values are 
expressed a: as | micromoles. 














| : 

Experi- | = | re | , | | Ratio 
_ Conditions | citrulline | jp mene | sencniaes A phosphate 
No. | | A citrulline 


1 | Complete systemt ~10.0 | +13. 5 | +15.8 | 1.58 





| Aspartate omitted | | +5.0 | +4.7 | 
| Citrulline = | | +5.2 | +4.7 
| Both omitted | -| +5.2 | +4.7 | 
2 | Complete systemt | — +16.8 | +19.2 1.68 
| Aspartate omitted +4.4 |} +5.6 | 
3 | Complete system,f 10 min. a —5.6 | +8.4 | 1.50 
| ZS | —10.0 | +13.3 | 1.38 
| _ 7 ao os 14.5 | | +19.8 1.36 


bs *The muscle fraction employed here was subjected to heat treatment to reduce 
the ATPase activity (see ‘‘Experimental’’). 


+ The phosphate and pyruvate values have already been corrected by the values 
obtained in the absence of amino acid. ‘ 





trations there is a marked lowering of activity, which introduces a greater 
error in the measurement of citrulline differences (see Fig. 1). 

Condensing Enzyme Activity with ATP As Only ~ph Donor—In agree- 
ment with observations made on the over-all system, the condensation re- 
action specifically requires ~ph in the form of ATP. Fig. 1, Curve 2, 
gives values for the rate of condensing enzyme activity at increasing con- 
centrations of ATP as the only ~ph donor. It can be seen that the highest 
value of 6.3 uM is reached with 14.5 um of ATP and that a progressive 
inhibition becomes apparent with larger amounts. The various substrate 
concentrations used for obtaining the data of Curve 2 represent the most 
favorable conditions found with ATP alone; yet this optimum is about 50 
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per cent of the rate found with the same preparation in the presence of 
PGA and 5 um of ATP, represented by the maximum of Curve 1, Fig. 1. 
Other experiments show, moreover, that with 15 um of ATP enzyme 
activity is not linear with time or with enzyme concentration. The use of 
ATP alone is thus unsatisfactory and some attempt has been made to in- 
vestigate the cause. 
The diminished activity has been found to be due to at least two factors, 
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0 : 8 l2 16 20 24 28 
uM ATP OR AMP 

Fic. 1. Condensing enzyme activity in the presence of high concentrations of 
ATP. Curve 1, with PGA and varying concentrations of ATP; Curve 2, with vary- 
ing concentrations of ATP; Curve 3, with ATP concentration constant and varying 
concentrations of AMP. For Curves 2 and 3, the tubes contained, per 4 ml., 20 um 
each of L-aspartic acid and L-citrulline, 26 um of magnesium sulfate, 200 um of TAM 
buffer, pH 7.5, 4.5 mg. of enzyme, specific activity 8.0, and ATP as indicated. For 
Curve 3, AMP was added as indicated to 14.5 um of ATP. For Curve 1, the incuba- 
tion mixture was similar except that 30 um of each amino acid were present in addi- 
tion to 50 um of p-3-phosphoglyceric acid and 2.4 mg. of muscle extract. Enzyme 

was added after temperature equilibration at 38°. Incubation time, 20 minutes. 





one being an impurity in the ATP and the second factor adenylic acid per 
se. The ATP effect has been studied separately by using the system con- 
taining PGA and muscle extract. When the ATP concentration was in- 
creased beyond the 5 um level, which gives maximum activity, an increasing 
inhibition occurred which amounted to 22 per cent at 14.5 um. This ap- 
pears to be due to a contaminant of the ATP, for a similar series of experi- 
ments carried out with adenosinediphosphate (ADP) and adenosinemono- 
phosphate (AMP) showed practically no inhibition at the same level. 
Both the ADP and AMP added must have been rapidly phosphorylated by 
the active phosphorylating system containing PGA and muscle extract, 
high in myokinase. It is unlikely that the contaminant is a heavy metal, 
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although inhibition of this type has been reported from several laboratories 
(7,8). Contaminating heavy metals have been removed as rigorously as 
possible by subjecting all the compounds tested to ion exchange treatment 
on Amberlite IR-100, as described by Polis and Meyerhof (7). In addition, 
possible inhibition by Nat (9, 10) was avoided by employing a Kt-charged 
resin. The source and analytical data pertaining to these compounds are 
given in the experimental section. 

While it appears that when ATP is employed in very high concentrations 
some contaminant, other than heavy metal, exerts a direct inhibition on 
the condensation reaction, this has not seemed an entirely satisfactory ex- 
planation for the reason that the maximum of Curve 2 (Fig. 1) is lower than 
would be predicted from the data of Curve 1. A second and significant 
cause of inhibition has been found in AMP. This may be seen in Curve 3, 
which was obtained by adding increasing amounts of AMP to an incubation 
mixture containing 14.5 ym of ATP. The inhibition is greater than that 
caused by an equivalent amount of ATP, and with 7.5 um it amounts to 35 
per cent. Significant inhibition by ADP has been excluded. 

Preparations of the condensing enzyme display myokinase activity when 
assayed spectrophotometrically (11). The presence of this enzyme is also 
shown by the observation that ADP can act, though poorly, as the ex- 
clusive ~ph donor. It is therefore quite likely that AMP is formed during 
incubation. Assuming myokinase equilibrium (12), it can be calculated 
from the uncorrected inorganic phosphate formed at the maximum point 
of Curve 2 that about 7 um of AMP may be formed. 

Adenylic acid inhibition has previously been observed in the glycolysis 
of brain tissue by Greenberg (13). In the single ATP-requiring reaction 
investigated in the present studies, the inhibitory effect shown by AMP 
suggests that the mechanism of inhibition may be one of competition for 
the site of ATP-enzyme interaction. 

Some Properties of Condensing Enzyme—As shown above, the highest 
enzyme activity was observed in the presence of an excess of PGA, small 
amounts of ATP, and muscle extract. With the condensing enzyme alone, 
concentration-dependence curves for PGA, ATP, citrulline, aspartic acid, 
and Mg** are about the same as were found for the over-all system. With 
a modified medium (see “Experimental’’), the velocity of condensation 
follows a linear course with enzyme concentration and with time up to 30 
minutes, provided no more than half the citrulline has been removed. The 
unit has been defined as the amount of enzyme which forms 1 uM of inter- 
mediate per hour. 

Mgt exerts a marked protective action which is most evident during 
temperature equilibration at 38° and is not shown by the amino acid sub- 
strates. At 38°, enzyme activity falls off rapidly with time, to the extent 
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of 33 per cent in 7 minutes, and Mgt prevents this loss. On the other 
hand, about 40 to 50 per cent of the activity is lost on dialysis against 
dilute phosphate or tris(hydroxymethyl)aminomethane (TAM) buffer at 
7.5, and Mg** only partially prevents this loss. 

The effect of other metallic ions has been investigated. At 0.001 m, Ni+ 
and Co*+* had negligible effects. Fet*+, Zn++, and Fe++ inhibited to the 
extent of about 20 per cent, while Mn** and Ca** each inhibited to the 
extent of 56 per cent. No inhibition was shown by cyanide at 0.001 or 
0.002 m. The large inhibition by Ca*+* and Mn++ is of interest in that it 
may be due to competition with Mg** for the enzyme. Although the ef- 
fect of Cat*+ might possibly be explained by activation of ATPase, one 
would hardly expect so pronounced an inhibition through ATPase alone in 
an actively phosphorylating system with PGA in large excess. It has been 
previously noted that fluoride also inhibits. In view of the strong inhibi- 
tion by Mn*, precautions have been taken to remove, with dilute phos- 
phate, excess Mn** from Mn*+-activated arginase preparations whenever 
studies of the over-all reaction required the addition of this enzyme. 

Enzyme activity in the presence of glycylglycine or TAM buffer at pH 
7.5 is approximately 20 per cent greater than in phosphate, an effect which 
may be due to heavy metal binding in the case of the first two buffers. 


DISCUSSION 


The data shown in Table V, demonstrating inorganic phosphate produc- 
tion in excess of intermediate formation, make it evident that Reaction 1, a 
can only represent an over-all reaction mechanism. If phosphorylation 
proceeds at a rate which is actually independent of condensation, it is to be 
anticipated that Enzyme A may contain two components, one of which 
catalyzes the phosphorylation and, as the results suggest, might be present 
in excess. Preliminary experiments now in progress appear to support this 
view. 


EXPERIMENTAL 


Separation of Condensing Enzyme and Partial Purification—In the course 
of fractionation, the hydrolyzing enzyme is precipitated at 30 per cent 
ammonium sulfate saturation. The purification and properties of this en- 
zyme will be described in a later publication. A middle fraction, obtained 
between 30 and 40 per cent saturation, contains a mixture of both enzymes. 
At the protein concentration employed below, the bulk of the condensing 
enzyme precipitates between 40 and 50 per cent saturation and is entirely 
free of hydrolyzing enzyme activity. Table VI gives typical results of 
two successive fractionations. In the first, specific activity was increased 
from 0.8 to 5.0, with a yield of 90 per cent. A second fractionation at pH 
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8.4 raised the specific activity further to 8.0 in Fractions 3b and 3c, with 
good recovery. 

100 gm. of ox liver acetone powder (1) were extracted within a week of 
preparation with 10 volumes of 0.02 m potassium phosphate buffer, pH 7.5, 
at 0° with mechanical stirring for 45 minutes, and were then centrifuged at 
12,000 r.p.m. for 15 minutes. The clear supernatant was brought up to 
900 ml. with the same buffer. It then contained 28 mg. of protein per ml. 
Fractionation with ammonium sulfate was then carried out at 0° by the 
successive addition of 190, 63, and 63 gm., corresponding to 30, 40, and 50 
per cent saturation. In each step the salt was added over a half hour inter- 
val and mechanical stirring was continued for a total of 2 hours before 
centrifuging at 12,000 r.p.m. for 15 minutes at 3°. The precipitate from 


TaBLe VI 
Purification of Condensing Enzyme by Ammonium Sulfate Fractionation 
Conditions as described in the text. 


























Fraction No. Pe? ns Volume Protein (Total protein prom Total units 
per cent ml. mg. per ml. mg. 
Acetone powder 1800 28.0 50,400 1.2 60 ,480 
extract 
3 40-50 100 109.0 10,900 5.0 54,500 
3a 0-36 32.5 22.8 741 5.6 4,150 
3b 36-40 42.5 54.3 2,208 8.1 17,885 
3e 40-44 45.5 68.4 2,848 8.0 23 , 704 





each cut was taken up in a minimum of 0.05 m phosphate buffer (68 ml. in 
all) and stored at —20° in small divided samples. 

In the second fractionation, the condensing enzyme (Fraction 3) was 
diluted to 1 liter containing 32 ml. of molar TAM buffer, pH 8.4, and 20 
ml. of 0.066 m MgSO... Fractionation was carried out as described above 
with successive additions of 99, 28.2, and 28.2 gm. of ammonium sulfate, 
corresponding to 36, 40, and 44 per cent saturation. Since this was carried 
out without dialysis, the salt concentrations given represent the amounts 
added rather than those actually present. Each fraction was taken up in 
30 ml. of 0.1 m TAM buffer, pH 8.4, and stored as described above. 

The activity of either dilute or concentrated enzyme solutions decreases 
after 2 or 3 hours at 0°, but is maintained without loss for at least 6 months 
when stored at —20° as a concentrated solution in the presence of ammo- 
nium sulfate. Dilutions of the enzyme were made with 0.006 m MgSO, 
immediately prior to testing. Since dialysis results in considerable loss of 
activity, most of the studies were carried out on undialyzed samples. 

Methods—Enzyme activity was estimated in a medium containing the 








704 BIOSYNTHESIS OF UREA. III 


following constituents per 4 ml.: 30 uM of L-citrulline, 30 um of L-aspartic 
acid, 50 um of p-3-phosphoglyceric acid, 5 um of ATP, 26 um of MgSOx,, 200 
um of TAM buffer, pH 7.5, and 2 to 4 mg. of lyophilized muscle extract. 
The reaction was carried out in small test-tubes as previously described 
and then stopped by the addition of 8 per cent trichloroacetic acid to a 
final volume of 10 ml. Citrulline was estimated in 0.1 ml. of the filtrate 
by the method of Archibald (3). Inorganic phosphate was estimated in 
0.2 ml. samples by the method of Lohmann and Jendrassik (14) and pyru- 
vate was estimated in 0.5 ml. aliquots by the Green, Leloir, and Nocito 
modification (15) of the Straub procedure (16). 

Malic acid was estimated manometrically with lyophilized suspensions of 
malate-adapted Lactobacillus arabinosus (17, 18). Protein was estimated 
by a recent modification of the biuret procedure described by Gornall ef al. 
(19). Pyrophosphate and pyrophosphatase were estimated according to 
Bailey (20) and myokinase activity according to Kalckar (11). 

Materials—The arginase, lyophilized muscle extract, D-3-phosphogly- 
ceric acid, and L-citrulline were prepared as previously described. The 
muscle fraction employed for the ratio studies (Table V) was improved in 
activity by a mild heat treatment and refractionation with ammonium sul- 
fate before dialysis and final lyophilization. Contamination by ATPase 
was reduced by this procedure. t-Aspartic acid was obtained from the 
Nutritional Biochemicals Corporation and crude TAM, obtained from the 
Commercial Solvents Corporation, was recrystallized three times from al- 
cohol. It was adjusted to the required pH with HCl (21). 

Of the various commercial ATP preparations tested, the dibarium salt 
purchased from the Ernst Bischoff Company gave the highest enzymatic 
activity. Treatment with Amberlite IR-100 was carried out as described 
by Polis and Meyerhof (7). In order to obtain concentrated solutions, the 
eluate from the column was neutralized with dilute KOH and precipitated 
in the cold with 3 volumes of acetone. On drying at 25° in vacuo over 
P.Os, the residue was dissolved in sufficient water to make a 0.05 o solu- 
tion, which gave the following analytical data: of the total phosphate, 3.2 
per cent was inorganic, 64.5 per cent was split in 10 minutes at 100° in 1 N 
H.SOu,, and 5.2 per cent was inorganic pyrophosphate as estimated with a 
specific pyrophosphatase (20). The ratio of adenine (estimated spectro- 
photometrically) to acid-labile phosphate was 1.00:2.02. 

ADP and AMP were obtained from the Sigma Chemical Company, the 
former as the barium salt and the latter as the crystalline free acid. The 
ADP was brought into solution with the aid of dilute HCl and was put on 
the column as a concentrated solution. The eluate and small washings 
were combined, neutralized, and centrifuged to remove some insoluble ma- 
terial, and were then about 0.03 mM. 4.2 per cent of the total P was present 
as inorganic phosphate. The ratio of adenine to acid-labile phosphate was 
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1.00:1.01. Enzymatic analysis with adenylic deaminase and myokinase 
(12) revealed only traces of AMP. 

The AMP was dissolved with dilute KOH and was put on the column as 
a concentrated solution. The eluate and washings were combined. The 
concentration was estimated spectrophotometrically at 260 my and en- 
zymatically by means of adenylic deaminase with good agreement. 


SUMMARY 


1. Two enzymes which together catalyze the synthesis of arginine from 
citrulline by mammalian liver have been separated and partially purified. 

2. A method has been developed for following the activity of the enzyme 
which catalyzes the condensation of citrulline with aspartic acid in the 
presence of ATP and Mgt to form an intermediate product. 


3. The transfer of phosphate from ATP appears to be more rapid than 
condensation. 


4. The hydrolytic cleavage of the isolated intermediate to arginine and 
malic acid has been shown to be catalyzed by the second enzyme and the 
nature and the homogeneity of the intermediate have been demonstrated. 

5. Some properties of the condensing enzyme have been described. 


We are indebted to Mr. Morton C. Schneider for valuable technical 
assistance. 
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METABOLISM OF LABELED 2-CARBON ACIDS 
IN THE INTACT RAT* 


By SIDNEY WEINHOUSE ano BERNICE FRIEDMANN 


(From the Lankenau Hospital Research Institute and The Institute for Cancer Research, 
Philadelphia, Pennsylvania) 


(Received for publication, January 15, 1951) 


The present study was undertaken with the object of assessing the phys- 
iological significance in animals of those 2-carbon acids which can be rep- 
resented as oxidation products of acetic acid; viz., glycolic, glyoxylic, and 
oxalic acids. The possibility has been considered at various times that 
these acids represent successive stages in the oxidative metabolism of 
acetic acid in certain microorganisms (1-3) and possibly also in animals 
(4, 5), but a review of the available literature offers no basis for any cat- 
egorical conclusion. Although the citric acid cycle accounts satisfactorily 
for acetate oxidation in virtually all organs which oxidize acetate, the 
direct oxidation of this substance through the steps acetic—glycolic> 
glyoxylic—oxalic—>CQ, still deserves consideration as a possible alternate 
pathway. 

The possibility that oxalic acid may also function as an intermediary 
in the metabolism of carbohydrate and fatty acids is suggested by recent 
work indicating that mycological biosynthesis of oxalate may occur by 
fission of oxalacetate to oxalate and acetate (2, 3, 6) and possibly also by 
fission of oxalosuccinate to oxalate and succinate (3). Much evidence 
can be cited against the conception of oxalate as an intermediary metab- 
olite in animals: for example, itis highly toxic; it is excreted in the urine 
in amounts which are small and not materially influenced by diet; and a 
substantial portion of ingested oxalate is excreted unchanged (4). These 
findings do not, however, necessarily exclude the possibility that, as a 
transient intermediary, oxalate may be formed and destroyed in large 
amounts during processes of intermediary metabolism within the cell. 

Probably these acids, glyoxylic in particular, have their closest meta- 
bolic relationship with glycine. The capacity of certain animal tissues to 
carry out the oxidative deamination of glycine has been demonstrated by 
tatner et al. (7) by isolation of the flavoprotein enzyme, glycine oxidase, 
and recently Cammarata and Cohen (8) showed that glycine can transam- 
inate with a-ketoglutarate. However, the discovery of the interconverti- 


* Aided by grants from the National Cancer Institute, United States Public 
Health Service, and the American Cancer Society, recommended by the Committee 
on Growth of the National Research Council. 
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bility of glycine and serine (9-11) has provided an alternate pathway 
both for glycine utilization and formation, and hence has minimized the 
physiological significance of glyoxylic acid in glycine metabolism. Other 
evidence for the interconvertibility of glycine and glyoxylate is inconclu- 
sive. Sassa (12) reported that glyoxylic acid did not increase hippuric 
acid excretion in rabbits fed benzoic acid, and Barnes and Lerner (13) 
found that neither glycolic nor glyoxylic acid is glycogenic under condi- 
tions in which glycine had glycogenic activity. Griffith (14) on the other 
hand found that glycolic acid protected young rats from the growth-in- 
hibiting effect of benzoic acid, the protection being of the order of that 
produced by glycine. Abbott and Lewis (15) also noted that glycolic acid 
increased the excretion of hippuric acid, and concluded that the rabbit 
can convert glycolic acid to glycine to a limited extent. Concerning the 
reverse transformation, a host of earlier reports, reviewed by Dakin (4), 
gives some inconclusive evidence for conversion in vivo of glycine to ox- 
alate, but more recent data from studies in vitro (16-18) do not bear this 
out. 

It seemed that more decisive evidence concerning the metabolic rela- 
tionships of these 2-carbon acids could be obtained by studying some of 
their interconversions in intact animals, by means of isotopically labeled 
substances. The experimental procedure employed in the present study 
was to administer the labeled compound, together with sodium benzoate, 
to rats by intraperitoneal injection, and subsequently to measure (a) the 
rate of oxidation as indicated by the appearance of C" activity in the CO,, 
and (b) the rates of oxalate and hippurate formation as indicated by the 
quantity and activity of these products isolated from the urine. The fol- 
lowing substances were investigated in this manner: methyl-labeled ace- 
tate, a- and carboxyl-labeled glycolate and glycine, and doubly labeled 
glyoxylate and oxalate. 


EXPERIMENTAL 


Preparation of Labeled Compounds—The sodium formate, the respec- 
tively labeled glycines, and acetate were obtained either from Tracerlab, 
Inc., or from the Isotopes Division of the United States Atomic Energy 
Commission on allocation by the United States Atomic Energy Com- 
mission. | 

Sodium Oxalate—This was prepared in essentially quantitative yield by 
heating, in the dry state for 15 minutes at 440° (19), 0.50 mm of labeled 
formate containing 40 we. of C%. The reaction is illustrated in Equa- 
tion 1. 


(1) 2HCOONa — (COONa)2 + He 
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Glyoxylic Acid—The method used was a modification of that of Benedict 
(20). 5 we. of labeled sodium oxalate in 25 um were diluted with 10 mm 
of non-radioactive oxalic acid, and, after dilution to 10 ml., 5 drops of 
saturated mercuric chloride solution were added, followed by sufficient 
HCl to give a final concentration of 1 mM. The solution was cooled in ice 
and the calculated quantity of Grignard magnesium added in small por- 
tions over a period of about 45 minutes. The pH was kept low through- 
out the course of the reaction by periodic additions of HCl. The yield of 
glyoxylic acid, based on bisulfite binding (21), was about 48 per cent. 
The solution was filtered from a sludge of magnesium hydroxide and ox- 
alate, and an equal volume of a saturated sodium bisulfite solution was 
added, followed by sufficient 95 per cent ethanol to give a 33 per cent by 
volume alcohol solution. After standing 2 hours at 0° the crystalline 
bisulfite addition product was filtered, washed thoroughly with alcohol, 
redissolved in a minimum amount of water, and reprecipitated with 0.5 
volume of ethanol. The crystals were then filtered, taken up in a small 
volume of 1 m HCl, and the SO, driven off by heating the solution to boil- 
ing. Although it was not actually isolated, the glyoxylate in solution was 
considered pure by the following criteria: (a) oxalate was absent as deter- 
mined by absence of activity in carrier oxalate added to and precipitated 
from the solution; (6) oxidation of an aliquot of the solution by the per- 
sulfate method (22) gave the correct amount of carbon calculated from the 
bisulfite binding; and (c) separation of the following derivatives in es- 
sentially quantitative yield: semicarbazone, m.p. 202° recorded, 202° (23); 
C 27.5 per cent, calculated, 27.5; N 30.8 per cent, calculated, 32.0; phenyl- 
hydrazone, m.p. 144°, recorded, 143-145° (24); 2,4-dinitrophenylhydra- 
zone, m.p. 203°, recorded, 202° (25). The final yield was 25 to 30 per 
cent. ; 

Glycolic Acids—The procedure used is based on a study by Austin (26) 
of the factors involved in the deamination of glycine by nitrous acid. The 
corresponding labeled glycines were used for the preparation of the glycolic 
acids, labeled in the a-carbon and carboxyl carbon respectively. These 
substances were prepared by Mr. Henry I. Nakada in our laboratory. 

50 ue. of labeled glycine were washed into a beaker with normal glycine 
to give a total of 6.64 mm. The calculated amount of barium nitrite (821 
mg. of Ba(NO2)2-H2O) was added and the volume was brought to 50 ml. 
With mechanical stirring, 10 ml. of 0.66 N H.SO, were added at a slow 
rate over a period of 1 hour. After standing overnight the barium sulfate 
was removed by centrifugation and the clear, supernatant solution was 
acidified with HCl and extracted continuously with ether for 24 hours. 
75 mg. of normal glycolic acid were added to the aqueous layer and ex- 
traction continued for an additional 24 hours. The ether solution was 








710 2-CARBON ACIDS 


evaporated by means of a jet of dry air until fumes of HCI no longer were 
noticeable; the straw-colored syrup was transferred to a beaker with the 
aid of acetone and a wash solution of 125 mg. of glycolic acid in ether. 
The combined syrup and washings were evaporated to a small volume 
and allowed to crystallize. Three additional crystallizations from ether 
gave colorless crystals, m.p. 77°. The product had no nitrogen, as deter- 
mined by Kjeldahl analysis, nor chloride; on heating to 100° for 30 min- 
utes it yielded glycolic anhydride, m.p. 128-130°. The neutralization 
equivalent was 76; calculated, 76. About 30 per cent of the initial radio- 
activity was recovered as pure glycolic acid. 

Experimental Procedure—The animals used were young male rats (Car- 











Fig. 1. Metabolic chamber for collection of respiratory COz. A, wash flasks for 
removal of COz from incoming air; B, metal screen; C, glass chamber large enough 
to accommodate a 300 gm. rat, with flask attached for collection of urine; D, bead 
tower for collection of respiratory CO2. 


worth Farms) weighing about 200 gm. To increase urine excretion ap- 
proximately 5 ml. of a 2 per cent sodium chloride solution were admin- 
istered by stomach tube. This was followed by the administration, by 
intraperitoneal injection, of 1 mm of sodium benzoate and the labeled 
acid as the sodium salt. The rat was placed immediately in a special 
chamber designed for collection both of urine and respiratory CO» (see 
Fig. 1). We are indebted to Dr. Grace Medes for the use of this appa- 
ratus. Samples of CO. were collected at half hour intervals during a 
period of 5 hours, after which CO: activities in all experiments were neg- 
ligibly low. The urine, collected during a 24 hour period, was then 
treated, essentially according to the procedure of Shemin (9), for isola- 
tion of hippuric acid (only negligible amounts of activity were excreted 
after 24 hours). The values given in Table I represent the yields of crude 
hippuric acid. For further purification, carrier hippuric acid was added, 
and, after treatment of the solution with decolorizing charcoal, it was 
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recrystallized to constant specific activity. The hippuric acid, as well as 
other products isolated in these experiments, was converted to barium 
carbonate by wet combustion (22) and counted as such with a gas flow 
counter. The activities given in column 5 of Table I have been corrected 
for the addition of carrier. 

Oxalate was isolated from the residual urine after hippurate removal 
by addition of approximately 1 mm of normal oxalic acid as carrier and 
precipitation with calcium chloride; it was purified further by solution in 
HCl and reprecipitation. Respiratory CO, as shown in Fig. 1, was 
caught in the bead tower in CO.-free NaOH, from which it was precipi- 
tated as BaCO;. All activities are expressed as counts per minute as 
barium carbonate per 7.5 sq. cm., corrected, when necessary for self-ab- 
sorption, to a layer of “infinite” thickness. 


Results 


The experimental results of the present study are shown in Table I. 
The relative specific activity of the glycine is calculated from the hip- 
purate value by multiplying by 9/2. To make results of different experi- 
ments with different compounds and dosages comparable, we calculated a 
value designated as the standard specific activity, which represents the 
value the relative specific activity would have if the labeled compounds 
were administered in a standard dosage of 1 mm per 100 gm. of body 
weight. This represents, of course, a rather large extrapolation, since such 
large doses of toxic substances like oxalate or glyoxylate could not be 
given. The standard specific activity should be independent of the size of 
the dose administered, and Table I indicates that this condition is reason- 
ably fulfilled. The values for the percentage of total activity are mini- 
mum, particularly in the case of glycine, since no correction was made for 
solubility or other losses in isolation; however, they are considered to rep- 
resent reliable approximations. 

Glyoxylic Acid—Perhaps the most interesting finding of this study was 
the rapidity with which glyoxylate is converted to glycine. As shown in 
Table I, the standard specific activity of the glycine excreted after admin- 
istration of labeled glyoxylate was 3 to 4 times higher than the correspond- 
ing value after the administration of glycine itself. Also, the percentage 
conversion of glyoxylate to hippurate glycine is approximately 2 to 3 times 
that of glycine itself. Though they appear anomalous at first glance, 
these results can probably be explained reasonably on the assumption that 
(a) the specific activity of the hippuric acid depends on the specific ac- 
tivity of the glycine available at the site of hippuric acid synthesis, and 
(}), whereas labeled glycine is diluted by normal glycine in its traverse 
through the body, glyoxylic acid reaches the liver or other sites of hip- 
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purate synthesis essentially undiluted. At any rate, we do not feel that the 
higher standard specific activity of the hippurate formed from glyoxylate 
signifies that glyoxylate carbon can be incorporated in hippurate without 
first forming glycine, though this matter requires further investigation. 


TaBLe I 
Conversion of Various Acids to Glycine, Oxalic Acid, and Carbon Dioxide in Vivo 



































_ _ |Respira- 
Compound injected Glycine excreted as hippuric acid | —_ loony, P 
| hrs, 
| 
specific activity | | ber cent) per cent |\per cent 
mM as BaCOs mM |R. S. A.*|S. S. A.t| of total) of total | of total 
C.p.m. activityt| activity | activity 
Glyoxylic acid 0.06 13,300 | 0.32} 4.12] 105 | 22.0| 27.1 | 16 
ay ee 0.40 13,300 0.72 | 16.9 87 | 30.2 | 18.3 | 17 
Glycolic “ a-la- | 
beled 0.027 26,500 0.51 | 0.38 30 7:2| ‘O18: | 32 
Glycolic acid, | 
COOH-labeled 0.29 8,206 0.75 | 4.40 Soo} 1144 1 | i 
Glycine, a-labeled | 0.43 14,100 |0.59| 7.25| 30 | 12.5) 0 | 18 
“ — COOH- | | 
labeled 0.42 | 18,700 | 0.88; 6.14] 23 | 18.1] 0.24 | 27 
Oxalic acid 0:025 |} 51,400 |0.70| 0 0 | O§ | 18.5) | 1 
ae xy 0.041 51,400 0.63 | 0 0 0 35.59 1 
Formic “ 0.050 |4.89 X 10% 0.36; 0 0 OQ" | 0 | 97 
Acetic ‘* methyl- 
labeled 0.041 | 38,000 | 0.70| 0 0 | 0 | 0.40 | 55 





specific activity as BaCOs; X 100 

specific activity of compound injected 
R.8. A. X weight of rat : 
mM of compound injected <x 100 
~R.S. A. X mm carbon isolated 
mmo carbon injected 

§ Actually 18 counts of a total of 245,000 injected. 
|| Approximately 2 per cent found in feces and in 1 to 5 days urine. 
{ Total of 7 days urine collection; additional 4.5 per cent in feces. 
** Actually 172 counts of a total of 245,000 injected. 





* Relative specific activity = 





t Standard specific activity = 





Since the amounts of oxalate excreted daily by rats is only of the order 
of a few mg., all isolations were made by carrier addition and hence only 
total activities are reported for oxalic acid. The quantities of glyoxylate 
carbon in the excreted oxalate are roughly equal in magnitude to those 
converted to glycine; however, it is very likely that the actual amounts of 
oxalate formed were probably much higher than is indicated by the 
amount excreted; because, as shown in Table I, after injection of oxalate 
itself only one-third to one-fifth was excreted in the urine. An appreci- 
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able amount of glyoxylate was oxidized to CO», but the data do not allow 
any conclusions concerning the pathway. The rate of glyoxylate oxida- 
tion is of similar magnitude to that of glycine, and there is therefore no 
reason to conclude that glyoxylate oxidation does not proceed by way of 
glycine. ' 

Glycolic Acid—Because glycolate utilization would be expected to pro- 
ceed via glyoxylate, it is not surprising that the hydroxy acid also yields 
glycine, though at a considerably lower rate than the aldehyde. Another 
notable difference between the two acids is in their rates of oxalate forma- 
tion. The very low rate of oxalate formation from glycolate as compared 
with that of glyoxylate is somewhat puzzling, since it does not appear to 
be consistent with the idea that glycolate is metabolized via glyoxylate. 
It is possible, however, that glyoxylate is not formed as such under phys- 
iological conditions, or that conditions at the site of its formation are more 
favorable for glycine formation or other transformations than for further 
oxidation to oxalic acid. The differences observed in glycine and oxalate 
formation between the a- and carboxyl-labeled glycolates are regarded as 
being due merely to variations in animals rather than to differences in 
labeling. 

Glycine—In view of the rapid conversion of glyoxylate to glycine, a 
similarly rapid reverse transformation was anticipated, with a resultant 
appearance of glycine carbon in oxalic acid. However, in one experi- 
ment no activity at all could be detected in the oxalate, and in the other, 
the activity was very low. 

Oxalic Acid—Another striking feature of these experiments is the ap- 
parent metabolic inertness of oxalic acid. There was no significant re- 
duction to glyoxylate, as indicated by the absence of activity in hippurate, 
nor was there oxidation to CO,: The approximately 1 per cent conver- 
sion to COs is probably due to small amounts of impurities, probably 
formic acid, from which the oxalate was prepared. 

Inasmuch as oxalate was neither converted to glycine nor oxidized to 
COs, it was surprising that in two experiments only 18.5 and 35.5 per cent 
respectively of the oxalate injected was recovered in the urine. It was 
thought possible that-the portion unaccounted for might have been pre- 
cipitated throughout the carcass as calcium oxalate. To test this point 
another experiment was performed in which, in addition to the urine, 
oxalate was sought in various parts of the body. 48 hours after injection, 
various parts of the carcass were dissected, minced, and extracted with 
0.1 m HCl, and approximately 1 mm of oxalate added to the extracts as 
carrier. Calcium oxalate was then precipitated from the filtered solutions 
and counted. The data of Table II show that at least 80 per cent of the 
total activity could be recovered as oxalic acid either excreted in urine 
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TaBLeE II 


and feces or distributed throughout the animal, probably as calcium ox- 
This finding provides further cogent evidence for the metabolic 


Distribution of Oxalic Acid in Rat Carcass after Injection of 0.092 
mm of Labeled Oxalate 


Specific activity of oxalate, 37,800 c.p.m.; values in per cent of total counts ad- 
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Formic and Acetic Acids—Because of the possibility that formate is a 
metabolite of glycolic or glyoxylie acid, its behavior was tested under the 
conditions of these experiments. Though formate is readily oxidized to 
COs, there was no appreciable conversion to oxalate or glycine. Essen- 
tially the same findings were made with respect to acetate oxidation. 

Complete Oxidation to CO.-—The rate of conversion to carbon dioxide of 
the substances under study is given in Fig. 2. Of all these substances, 
formate is the most rapidly oxidized, 97 per cent of the administered ma- 
terial having been oxidized to CO in less than 3 hours. Acetate was next, 
with 55 per cent, and glycolate, glyoxylate, and glycine were oxidized at 
similar rates of between 13 to 27 per cent in 5 hours, at which time evolu- 
tion of activity in significant amounts had practically ceased. Because 
of the simultaneous administration of benzoic acid in these experiments the 
observed rates of oxidation of the labeled compounds cannot be construed 


' to represent accurately their oxidation rates in the normal animal. They 


are included here only to compare the oxidation rates under the conditions 


specified. 


DISCUSSION 


The metabolic inertness of oxalic acid, observed in these experiments, 
makes it possible to provide decisive answers to some of the questions 
raised in the introduction. Since oxalate is excreted only in minute 
amounts, it seems quite certain that neither oxalate nor a precursor such 
as glyoxylate can be an intermediate of a major metabolic process. If 
acetate, for example, were oxidized directly, as envisioned by Dakin (27), 
via glycolic and glyoxylic acids, relatively large amounts of oxalate would 
necessarily have been formed and excreted. In agreement with the con- 
ception that acetate is not oxidized directly, labeled acetate in these ex- 
periments yielded neither labeled oxalate nor labeled hippurate. The 
same considerations eliminate, as a reaction of metabolic significance, the 
hydrolytic fission to oxalate of such keto acid components of the citric 
acid cycle as oxalacetate and oxalosuccinate. It is possible, however, that 
these substances may be precursors of the small quantities of oxalate nor- 
mally excreted. 

By the same reasoning one might presume that deamination of glycine 
to glyoxylic acid does not occur to a significant extent in the intact animal, 
and the absence of appreciable activity in oxalate obtained from rats given 
labeled glycine would seem to bear out this supposition. However, there 


/ seems to be a strong possibility that glyoxylate, when formed under 


physiological conditions, may undergo an alternate metabolic pathway; 
namely, fission to formate and CO:. It is already well established that 
the a-carbon of glycine is a precursor of the 6-carbon of serine (28, 10, 29), 
and can also provide carbon for methyl] groups of choline (30, 31). The 
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presumption would be that formate is an intermediate in these transfor- 
mations, since it is also a precursor of choline methyl groups (32) and the 
B-carbon of serine (28). It is difficult to see how the a-carbon of glycine 
is transformed to formate by a pathway other than through glyoxylate. 
Evidence for the decarboxylation of glyoxylate to formate and CO, has 
been obtained by Tolbert, Clagett, and Burris (33) for tobacco leaves, and 
the occurrence of this reaction in animals would provide a mechanism for 
formate formation from the glycine a-carbon. 

Oxidative deamination by glycine oxidase, the flavoprotein enzyme de- 
scribed by Ratner et al. (7), can be assumed to represent a mechanism 
for the metabolic formation of glyoxylate from glycine, but the rapid re- 
versal of this reaction under physiological conditions seems rather im- 
probable. A more reasonable interpretation for the rapid conversion of 
glyoxylate to glycine observed in these experiments is transamination with 
glutamic acid, particularly in the light of the recent finding of Cammarata 
and Cohen (8) that glycine transaminates with a-ketoglutarate. Further 
work will be required to establish the significance of glyoxylic acid in the 
metabolism of glycine. 


SUMMARY 


Glycolic and glyoxylic acids, when injected intraperitoneally in rats, 
are rapidly converted to glycine, whereas acetate, formate, and oxalate 
are not. Oxalate is inert metabolically, being neither oxidized nor con- 
verted to glyoxylate. Of all of the acids tested, including glycine, only 
glyoxylate gave a high yield of oxalate. Glycolate gave small amounts, 
whereas the others showed very little or no oxalate. All acids except 
oxalate were oxidized readily to COs. 

The following conclusions were drawn from these data: (1) oxalate is 
not an intermediary in general metabolic processes; (2) the direct oxida- 
tion of acetate via glycolate, glyoxylate, and oxalate is not of quantitative 
significance in the rat. Although glyoxylate yields glycine, the reverse 
reaction in the rat is uncertain; if it does occur, it is necessary to postulate 
a reaction pathway for glyoxylate other than oxidation to oxalate. Such 
a reaction could be the oxidative decarboxylation to formate and COs. 
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HIGHLY POLYMERIZED RIBONUCLEIC ACID: PREPARATION 
FROM LIVER AND DEPOLYMERIZATION 


By EDWARD L. GRINNAN anp WILLIAM A. MOSHER 


(From the Biochemical Research Foundation, Newark, Delaware) 
(Received for publication, March 22, 1951) 


The degree of polymerization of native ribonucleic acid (RNA) has 
received relatively little attention. No highly polymerized RNA from 
mammalian tissue has been reported, probably because degradation had 
occurred under the drastic procedures generally used in the isolation of 
RNA. The freshly isolated RNA of tobacco mosaic virus, prepared under 
mild procedures by Cohen and Stanley (1), had a molecular weight of 
approximately 300,000; when alkali was used in the extraction, it had a 
molecular weight of 15,000, close to that of commercial yeast nucleic acid. 
Calf spleen RNA, isolated by Volkin and Carter (2), had a sedimentation 
constant indicative of a molecular weight of 30,000 to 50,000. 

In the present investigation, cytoplasmic RNA was isolated from calf 
and rat liver. The nucleic acid had the physical properties of a high 
polymer with a molecular weight in the order of 300,000, approximating 
that of nucleic acid from tobacco mosaic virus. The RNA was depoly- 
merized by x-radiation, chemically generated free radicals, and sonic vi- 
bration. The results suggest that native cytoplasmic RNA exists in a 
more highly polymerized state than had previously been supposed. 


EXPERIMENTAL 


Preparation of Cytoplasmic Extract—Calf liver was used for Preparation 
1; livers from normal male albino rats varying from young to full grown 
animals were used for the others. Freshly excised livers in 100 gm. lots 
were frozen in dry ice-acetone for 10 to 20 minutes and passed, while in 
a semifrozen state, through a meat grinder into 2.5 volumes of 0.4 m NaCl, 
as advocated by Luck (3). All work was performed in the cold as far 
as possible to minimize ribonuclease activity. The ground liver suspen- 
sion was homogenized in a Waring blendor for 10 seconds and stirred at 
relatively low speed for 30 minutes. The homogenate in 100 ml. bottles 
was centrifuged at 3000 r.p.m. in an International, type SB, size 1 model, 
equipped with an angle head. The supernatant was recentrifuged 25 
minutes to insure removal of nuclei and cellular débris. The sediment 
was extracted with 2.5 volumes of 0.14 m NaCl for 15 minutes and cen- 
trifuged; the supernatant was recentrifuged and combined with the main 
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cytoplasmic extract. The volume of the extract from 100 gm. of liver 
was about 325 ml. 

Isolation of RNA from Cytoplasmic Extract—A modified method of Vol- 
kin and Carter (2) was used. The extract was adjusted to 4 m concen- 
tration with respect to guanidine hydrochloride (Eastman Kodak, prac- 
tical grade), and the pH was brought to 6.5 to 7.0 by dropwise addition 
of dilute NaOH with stirring. The extract was maintained at a tempera- 
ture of 38-40° for 1 hour, during which time the greater part of the protein 
became solubilized. The solution was chilled rapidly to about 2° and 
placed in the refrigerator for 1 hour. The amorphous gelatinous precipi- 
tate that formed was centrifuged and washed once with 4 m guanidine 
hydrochloride and twice with 0.14 m NaCl. 

The washed nucleic acid-protein precipitate (which, in contrast to that 
from calf spleen reported by Volkin and Carter, could not be dissociated 
by exhaustive dialysis against water in previous experiments) was taken 
up in 35 ml. of 0.14 m NaCl, and the suspension in a Pyrex test-tube was 
placed in a boiling water bath, according to the method of Cohen and 
Stanley (1), and stirred. Within 1 minute the suspension reached 90° and 
was maintained between 90° and 100° for 2 minutes, during which time 
flocculation of the precipitate occurred. (In order to ascertain whether 
the brief period of heating was producing an artifact by causing poly- 
merization of the RNA, several preparations were made without heating; 
although a high polymer was obtained, the N:P ratios, in general, were 
not as low as those in preparations in which the protein had been denatured 
by heating.) The suspension was chilled to about 2° and the precipitate 
then appeared somewhat gelatinous and the suspension quite viscous. 
Deproteinization was carried out according to the method of Sevag eé al. 
(4). An equal volume of chloroform-butanol (4:1) was added to the sus- 
pension and the mixture was shaken for 6 hours until partial dissociation 
occurred. The emulsion was centrifuged, and three layers were observed 
above the chloroform phase: an opalescent solution of RNA contaminated 
with protein, a bulky layer of undissociated nucleic acid-protein complex, 
and a thin, tan, interfacial ‘layer of protein. The two top layers were 
removed and combined; this suspension was shaken with chloroform- 
butanol for 2 hour periods three or four times until there was no interfacial 
“skin,” which sometimes consisted of fibers up to 1 cm. in length, after 
centrifugation. 2 volumes of 95 per cent ethanol were added to the aque- 
ous phase, and the bulky gelatinous precipitate of RNA was centrifuged. 
The RNA was taken up in water and reprecipitated from alcohol to obtain 
a salt-free product. After centrifugation, the RNA precipitate was taken 
up in 35 ml. of water to make an approximately 1 per cent concentration. 
The noticeably viscous solution was centrifuged at high speed to remove a 
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small amount of insoluble material. The yields approximated 400 mg. of 
RNA from 100 gm. of liver. 

Physicochemical Properties—The lyophilized RNA, a lustrous, white, 
non-hygroscopic solid, readily dissolved in water to form a clear viscous 
solution. The RNA preparations, except Preparation 6B, showed higher 
N:P ratios (Table I) than those of yeast RNA, which were in agreement 
with the values found by Brues, Tracy, and Cohn (5) for normal rat liver. 
Preparation 1 from calf liver had an N:P ratio essentially the same as 
that found by Chargaff e¢ al. (6) for calf liver RNA. All preparations 
showed an intense blue ring indicative of much pentose when tested with 
the 6-naphthol reagent (7); the diphenylamine reaction for desoxyribonu- 


TABLE | 
Analytical and Sedimentation-Velocity Data of RNA Preparations 






































S20 Sip 
‘ ss Phosph . RNA -| Sol . 

Preparation No. Nitrogen yrs = N:P pastor se ‘Neck = > 

Water Solution 
per cent ber cent per cent M 

1. (Calf liver. 2)......:.. 13.7 7.4 1.85 0.46 0.07 9.5 16.2 
2 Rat liver.....:..| 352 ta 1.83 0.50 0.07 10.2 16.2 
ea tee eae 15.8 7.5 2.11 0.60 0.03 6.1 12.5 
5 eee Sr crete. 15.9 | 7.5 2.12 0.25 0.07 10.8 14.4 
Sua MI SOY pe eerrei iee||Batt 8.3 1.70 0.47 0.07 8.1 1h? 
© © Lu) SO) Se) eee) eee ee 8.1 | 10.9 
Rs SE ote reat apes | 13.8 | 7.4 | 1.87 | 0.25 | 0.07 8.6 9.7 











cleic acid (DNA) was negative; the biuret reaction for protein was nega- 
tive except in cases of a high N:P ratio. Ultraviolet absorption spectra 
were typical of nucleic acids with maximum absorption at 2600 A. Some 
of the RNA preparations exhibited about one-tenth the intensity of stream- 
ing birefringence of highly polymerized DNA solutions examined with the 
same apparatus. RNA, precipitated from solution by 3 per cent trichlo- 
roacetic acid and centrifuged, formed a white plastic pellet which was 
drawn into a thread that possessed considerable elasticity. These threads, 
when allowed to air dry under tension, lost their elasticity and became 
brittle upon further drying. The RNA threads exhibited orientation under 
the polarizing microscope. 

Anomalous viscosity, which varied considerably with the individual prep- 
aration and concentration, was shown by solutions of liver RNA (Fig. 1). 
Relative viscosities were measured ina Bingham-Jackson (8) type of vis- 
cometer at an external pressure ranging from 5 to 60 mm. of mercury and 








122 HIGHLY POLYMERIZED RIBONUCLEIC ACID 


were plotted against the mean velocity gradient in the manner of Edsall 
and Mehl (9). The viscosities decreased with time, indicating some deg- 
radation or change in molecular configuration in the freshly prepared RNA 
solutions. The viscosities decreased markedly after adding NaCl, or after 
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Fig. 1. Structural viscosity of liver RNA solutions. O, fresh preparation; ®@, 
1 day old; O, 1 week old. 


heating. After addition of NaCl to a 0.1 m concentration, the relative 
viscosity of a 0.50 per cent solution of Preparation 5 decreased about 
50 per cent and the anomalous viscosity disappeared completely; the vis- 
cosity then remained constant over a 5 day period. The relative viscosity 
of a 1.33 per cent solution of one preparation subjected to a temperature 
of 95° for 2 minutes decreased 30 per cent, and the anomalous viscosity 
was almost completely lost. 

Sedimentation velocities were measured by means of a Beams type 
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air-driven ultracentrifuge, generally at speeds of 42,000 to 52,000 r.p.m. 
Measurements were made in unbuffered NaCl solutions at pH 5 to 6 and 
in a few instances in water. The RNA was decidedly polydisperse in a 
saline medium; in water, however, it was essentially monodisperse through- 
out the run, which indicated a considerable amount of molecular aggrega- 
tion. (Aggregation in water solution and dispersion in the presence of 
salt were also indicated by the viscosity behavior described above for 
RNA.) Sedimentation-velocity constants (Table I) were calculated from 
the movement of the peak of the curves. Sedimentation data at three 
concentrations of rat liver RNA, Preparation 2, are given in Table II. 

The average molecular weight of calf liver RNA (Preparation 1) was 
estimated from the sedimentation constant in 0.07 m NaCl at a concen- 
tration of 0.46 per cent; a value of 0.48, found by Bacher and Allen (10) 
for yeast sodium ribonucleate, was used as the apparent specific volume. 

















TABLE II 
Sedimentation Data of Rat Liver RNA Preparation 2 
Concentration Solvent, NaCl s X 1078 Soo, io | Viscosity factor 
per cent M : 
1.00 0.07 | 9.8 8.7 24.3 2.78 
0.50 0.07 11.6 10.2 16.2 1.58 
0.25 0.07 11.5 10.3 12.7 1.24 
0.00 | Extrapolated 10.4 10.4 














The molecular weight was calculated to be 264,000, corrected for viscosity 
of the solvent, and 580,000, corrected for viscosity of the solution ac- 
cording to Lauffer (11). The axial ratio was found to be 70:1; the in- 
trinsic viscosity was 319. 

Depolymerization 


X-irradiation—RNA solutions were irradiated by means of a General 
Electric Maximar x-ray therapy machine (self-rectifying) operating at 250 
kv. (peak) and 15 ma., rate 576 r. per minute, total dose 10,000 r. In 
addition to the inherent filtration of 3 mm. of aluminum, a duralumin 
filter of 0.001 inch thickness covered the small glass dish which held the 
samples. The distance from the sample to the focal point was 23.8 cm. 
A marked drop in viscosity occurred within 30 minutes after irradiation 
of a 0.40 per cent solution of calf liver RNA, Preparation 1 (Fig. 2); the 
viscosity continued to fall over a 24 hour period, which suggests that de- 
polymerization occurred through a free radical type of mechanism. No 
significant amounts of dialyzable components were produced as a result 
of this irradiation. Rat liver RNA was depolymerized similarly to calf 
liver RNA. 
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Free Radicals—A loss of viscosity of liver RNA solutions occurred after 
treatment with chemically generated free radicals produced by the reduc- 
tion of 10-* m H.O2 by 10-3 m FeSO,. The viscosity of a 0.50 per cent 
solution of Preparation 7 suffered a 50 per cent reduction in viscosity 
within 30 minutes after addition of the reagents, despite the high N:P 
ratio (2.44) and the possibility of protection by contaminating protein. 
A considerable loss of viscosity of RNA solutions was caused by FeSO, 
alone in concentrations as low as 10-‘ m. The viscosity of RNA was 
affected only slightly by 10-* m H.Os, as had been found by Limperos 
and Mosher (12) for DNA solutions. 

Sonic Vibration—7 to 8 ml. samples of a 0.25 per cent RNA solution, 
Preparation 5, were subjected to sonic vibration for different periods of 
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Fig. 2. Effect of x-irradiation on viscosity of Preparation 1 (0.4 per cent) of calf 
liver RNA, @, control; O, 30 minutes after 10,000 r.; O, 1 hour; A, 4 hours; and x, 
24 hours after irradiation. Temperature 30°. 


time at a temperature range of 14.7—16.0° in a sonic oscillator, type R-22-3, 
Raytheon Manufacturing Company, Waltham, Massachusetts. The fre- 
quency was 9000 cycles per second; intensity data are not available in 
absolute units, but the maximum output of the oscillator was used. A 
marked decrease in viscosity occurred after 20 and 40 minutes of sonic vi- 
bration. Vibration for 60 minutes resulted in a viscosity drop essentially 
the same as that obtained after 40 minutes. 
DISCUSSION 

Complete dissociation of the RNA-protein complex in this investigation 
was difficult. Unlike nucleoprotein from tobacco mosaic virus, the com- 
plex did not undergo spontaneous dissociation after heat denaturation, 
which suggests that cytoplasmic RNA is attached to its protein by a 
stronger bond than RNA from tobacco mosaic virus. 

Short exposure of nucleoprotein to high temperatures may effect not 
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gross denaturation, but only an unfolding of the molecule to a spatial con- 
figuration compatible with further surface denaturation and dissociation, 
such as results upon shaking with chloroform. A change in the shape of 
the protein component of a nucleoprotein may be reflected in a similar 
change in the closely bound nucleic acid; therefore, the method and extent 
of denaturation of the protein are probably a major factor in determining 
the size and shape of the dissociated nucleic acid molecule. 

The fact that liver cytoplasmic RNA was found to be heterogenous in 
the ultracentrifuge does not necessarily indicate that degradation occurred 
during the relatively mild isolation procedure. It may indicate that the 
physiologically dynamic RNA is naturally heterogenous. 

The depolymerization of RNA in vitro in this investigation suggests 
that RNA, like DNA (18), is also depolymerized by radiation in vivo. If 
this is so, the depolymerization of cytoplasmic RNA in vivo to low molec- 
ular weight, diffusible nucleotides may offer a partial explanation of the 
metabolic disturbances in cells after irradiation. In support of this state- 
ment it should be noted that a marked increase of cytoplasmic pentose 
nucleotides, after exposure of cells to ionizing radiation, was found by 
Mitchell (14), and the combined effects of pentose nucleotides injected 
into mice were reported by Parsons, Gulland, and Barker (15) “to re- 
produce with singular exactness the systemic effects induced in mice by 
x-radiation.” Low molecular weight RNA and ribose mononucleotides 
were found by Zittle (16) to inhibit certain oxidation-reduction enzyme 
systems; this suggests one method by which radiation may cause meta- 
bolic disturbances. 


SUMMARY 


Highly polymerized ribonucleic acid has been prepared from calf and 
rat liver. The procedure involves the maintenance of the pH between 
6 and 7, the precipitation of a nucleic acid-protein complex from the cyto- 
plasmic extract according to the method of Volkin and Carter, heat de- 
naturation of the protein for 2 minutes at 100°, and removal of the pro- 
tein by shaking with chloroform. 

The average apparent molecular weight of the RNA of a typical prepara- 
tion, calculated from the sedimentation-velocity constant, was 264,000, 
corrected for viscosity of the solvent, and 580,000, corrected for viscosity 
of the solution. The axial ratio was 70:1, and the intrinsic viscosity was 
319. Anomalous viscosity and moderate streaming birefringence were ex- 
hibited by the RNA solutions. 

The RNA was depolymerized by x-radiation, chemically generated free 
radicals, and sonic vibration. 
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BIOCHEMISTRY OF THE SPHINGOLIPIDES 
V. THE STRUCTURE OF SPHINGINE* 


By HERBERT E. CARTER anp CHARLES G. HUMISTONTt 


From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana, Illinois) 


(Received for publication, April 9, 1951) 


In 1916 Levene and West (2, 3) reported that chemical reduction of 
dihnydrosphingosine yielded an optically active base sphingine which they 
considered to be an amino alcohol, but which they did not characterize 
further. Recently Carter et al. (4) discovered that catalytic reduction of 
triacetylsphingosine produced acetic acid, presumably as a result of the 
hydrogenolysis of the allylic acetoxyl group. A further study of this re- 
action seemed desirable in order to verify the structure proposed for the 
hydrogenolysis product and to compare its properties with those reported 
for sphingine. 

Two competing reactions (see the accompanying equations) occur in 
the reduction of triacetylsphingosine. 





RCH=CH—CH—CH—CH; —, RCH=CH—CH:CH—CH; 
O NH O NH O 
\ ie he Ac Ae 
(He (Pt) |i (Pt) 
RCH,CH,—CH—CH—CH, RCH:CH.CH:CH—CH; 
4 NH ) NH 0 
| c A c A c Ae Ac 


Direct hydrogenation of the double bond produces triacetyldihydrosphin- 
gosine, which is stable toward further reduction. Hydrogenolysis of the 
acetoxyl group gives an unsaturated intermediate which then undergoes 
itydrogenation of the double bond. The product thus obtained was an 
amorphous solid which could not be fractionated or obtained in a ecrystal- 
*The material presented in this paper was taken from the thesis submitted by 
’.G. Humiston to the Graduate College of the University of Illinois in partial ful- 
ilment of the requirements for the degree of Doctor of Philosophy in Chemistry. 
\ preliminary report of this work has been published previously (1). 

t Present address, The Dow Chemical Company, Midland, Michigan. 
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line form from the usual solvents. In attempting to acetylate this mate. 
rial, however, it was discovered that a mixture of pyridine and acetic 
anhydride gave a nicely crystalline product which was essentially free of 
triacetyldihydrosphingosine. The properties of this material (m.p. 108- 
109°; [a]?”7 = +22.5° (chloroform solution)), together with its method of 
preparation, leave no doubt as to its identity with diacetylsphingine! 

Hydrolysis of diacetylsphingine gave the crystalline free base. This 
was further characterized by preparation of the N-benzoyl and 0O,N-di- 
benzoyl derivatives. Analytical data for these substances, together with 
previous work on the structure of sphingosine, established the structure 
of sphingine as 1-hydroxy-2-aminooctadecane. This structure was con- 
firmed by oxidation of N-benzoylsphingine with chromic acid. The prod- 
uct was an optically active substance giving correct analytical data for 
benzoylaminostearic acid. Racemization of this acid was readily effected 
through the azlactone. The product was identical with synthetic benzoyl- 
DL-a-aminostearic acid. 





CH,(CH.)1;—CH—CH.0H —“!, H,(CH,);—CH—CO.H 
NH NH 
bo bo 
die sh 
N-Benzoylsphingine (—)-Benzoyl-a-aminostearic acid 


These results afford final proof of the structure of sphingine and of sphin- 
gosine. 

The conversion of sphingosine to an optically active a-aminostearic acid 
afforded an approach to the stereochemistry of the sphingosine molecule. 
Determination of the configuration of the aminostearic acid by the usual 
physical and enzymatic methods did not seem promising, due to the 
insolubility of the amino acid in water, dilute acid, and dilute alkali. 
Therefore, a study was undertaken of the rotation of acyl derivatives of 
a-amino acids in aqueous organic solvents, based on the preliminary ob- 
servations of Stevens (5) that various derivatives of p-methoxyphenyl- 
L-alanine showed consistent levo shifts in optical activity on diluting their 
alcohol solutions with water. Alcohol was not a suitable solvent for ben- 
zoylaminostearic acid but dioxane and glacial acetic acid proved satis- 
factory. The specific rotations of a series of acyl derivatives of L- and 
D-amino acids were determined in the anhydrous solvents and in solutions 

‘In later work it was discovered that acetonitrile is a very satisfactory solvent 
for purification of diacetylsphingine and other sphingosine derivatives. 
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mate- | containing 10 and 20 per cent water. The results of these studies are 
acetic | shown in Table I. 





























ree of | In every case there was a consistent shift in rotation from the anhydrous 
108- } io the aqueous solvents, derivatives of L-amino acids becoming more levo- 
1od © | rotatory and those of p-amino acids more dextrorotatory. It is interesting 
gine.” } io note that free amino acids show corresponding shifts in rotation as the 
This pH of the solution increases from a low value to the isoelectric region. 
‘ . e . . 
N-di- | These changes are ascribed to the conversion of a unionized carboxyl 
with 
icture Tasie I 
- con- ti Rotation of Acyl Derivatives of Amino Acids : 
prod- | Specific rotation lal 
‘a for Acyl derivative Solvent 
rect 
ed | Aubednous | a on | 20 bet cont 
nZ0yl- | : 
| degrees degrees | degrees 
Benzoyl-L-alanine Acetic acid +24.2 +18.3 | +14.5 
Dioxane +19.6 +17.9 | +16.0 
Benzoyl-p-alanine | Acetic acid —23.8 -18.0 | —14.2 
| Dioxane —19.3 -17.7 | -—16.0 
Benzoyl-p-isoleucine | Acetic acid —31.2 —29.0 | —23.2 
Dibenzoyl-L-cystine | ss —106.0 —131.4 | —145.4 
§-Phenylpropionyl]-L-leucine | 8 es —30.0 —38.0 —42.6 
Dioxane —26.2 —28.7 —33.6 
§-Phenylpropionyl-L-phenylalanine| Acetic acid +33.6 +24.9 +20.9 
Dioxane +41.9 +30.7 | +25.9 
hi Formyl-p-isoleucine Acetic acid —29.6 —25.1 —20.3 
anaes Dioxane —43.4 | 387.3 | 382.0 
Formyl-p-phenylalanine Acetic acid —42.5 | —40.0 
¢ acid Dioxane —72.0 | —68.5 
ecule, | Acetyl-L-tryptophan - +57.5 +48.6 | +39.4 
usual | (-)-Benzoyl-a-aminostearic acid Acetic acid —4.3 —1.3 |Insoluble 
Dioxane —12.8 -5.6 | -3.8 
o the 7 bee : ae: Gai 
ilkali. 


ves of | foup to the carboxylate anion. At first glance it seemed possible that 
-y ob. | the shifts in rotation of the acyl derivatives also might result from ioni- 
nenvi- | “tion of the carboxyl groups, since increases in dielectric constant due to 
; their | “lution of an organic solvent with water might be expected to increase 
, hee the extent of ionization. However, the behavior of benzoyl-L-alanine in 
satis | *queous solutions does not support this view, since the rotation shifts in 
_ and} ‘he dextro direction in going from pH 2 to pH 5. Extension of such data 
tions | 2 aqueous solution is hampered by the low solubility of acyl derivatives 
of amino acids in water at a low pH. Regardless of the explanation, the 
consistent behavior of the acyl derivatives studied affords an additional 
physical basis for relating optical properties of amino acids to configura- 
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tion. On this basis it is suggested tentatively that the sphingine oxida. 
tion product is benzoyl-D-a-aminostearic acid. This result raises the 
possibility that serine may serve as the precursor of the terminal 3 carbons 
of the sphingosine molecule. If, in the biosynthesis, a condensation oe- 
curs involving the carboxy] group of serine, a D configuration of the amino 
carbon atom would be expected in the derived a-aminostearic acid. This 
possibility is being investigated. 


EXPERIMENTAL 


Preparation of Diacetylsphingine—Triacetylsphingosine (2.12 gm., 5.0 
mM) was dissolved in 100 ml. of warm 95 per cent ethanol and reduced in 
the Adams hydrogenation apparatus with 100 mg. of freshly prepared 
platinum oxide (6). When reduction was complete, the reaction mixture 
was warmed to dissolve the precipitate which had formed and the catalyst 
was collected on a filter. The clear filtrate was concentrated to dryness 
in vacuo, giving 1.97 gm. of a white amorphous residue which melted at 
88-106°. This crude product was dissolved by warming in a mixture of 
10 ml. of pyridine and 10 ml. of acetic anhydride and allowed to stand 2 
hours at room temperature. A white crystalline precipitate formed. It 
was removed by filtration, washed free of solvent with water, and dried 
in a vacuum desiccator. The product weighed 1.02 gm. and melted at 
90-108°. Recrystallization from 15 ml. of 95 per cent ethanol gave white 
needles melting at 107-109°. In a second run 5.0 gm. of triacetylsphingo- 
sine in 100 ml. of warm ethanol were reduced with 200 mg. of platinum 
oxide, giving 2.47 gm. of crude diacetylsphingine. The products from 
similar runs were combined (6.29 gm.) and recrystallized from 125 ml. of 
methanol, giving 5.6 gm. of pure diacetylsphingine (m.p. 108-109°; [a]?’ = 
+22.5° (0.107 gm. in 10 ml. of chloroform)). 


Analysis—C22H4303N (369.6). Calculated. C 71.49, H 11.73, N 3.79 
Found. Fe TLaOs! iia, * “OOo 


N-Acetylsphingine—Diacetylsphingine (4.9 gm.) was dissolved with 
warming in a solution of 1.0 gm. of potassium hydroxide in 130 ml. of 90 
per cent methanol. The reaction mixture was allowed to stand at room 
temperature for 8 hours. The solution was cooled and the crystalline 
precipitate was filtered, washed thoroughly with water, and dried in vacuo 
over phosphorus pentoxide. The crude residue (3.87 gm., 89 per cent of 
the theoretical yield) was recrystallized twice from 40 ml. of methanol, 
giving 3.26 gm. of N-acetylsphingine melting at 101-103° ({a]?” = +12.0° 
(0.101 gm. in 10 ml. of chloroform)). 

Analysis—C HON (327.6). Calculated. C 73.34, H 12.62, N 4.28 

Found. ** 73.37, ** 12.69, ** 4.49 
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Sphingine—Pure N-acetylsphingine (4.64 gm.) was refluxed for 8 hours 
yith 150 ml. of 90 per cent methanol containing 10 gm. of potassium hy- 
droxide. ‘The reaction mixture was cooled and diluted with 400 ml. of 
water, forming a heavy white precipitate. The mixture was transferred 
0 a separatory funnel and extracted with two 300 ml. portions of ether 
yhich dissolved the precipitate. The ether extract was washed twice 
vith 250 ml. portions of water and dried over anhydrous sodium sulfate. 
The ether solution was concentrated to dryness, giving 4.43 gm. of rec- 
tangular plates melting at 72-88°. The crude cream-colored reaction 
product was washed with 25 ml. of anhydrous ether which removed the 
wlor, leaving 4.04 gm. of white plates which melted at 82-88°. Three 
reerystallizations from 100 ml. portions of hexane and one recrystalliza- 
tion from 100 ml. of acetonitrile gave 3.05 gm. of sphingine (m.p. 84-89°; 
a)” = —5.5° (0.100 gm. in 10 ml. of chloroform)). 


Analysis—CisH3,0N (285.5). Calculated. C 75.72, H 13.77, N 4.91 
Found. ‘© 75.74, ‘© 13.69, ‘* 4.97 


\-Benzoylsphingine—3 gm. of sphingine were emulsified in 10 ml. of 
)x sodium hydroxide and 50 ml. of ether by vigorous shaking. 2 ml. of 
yenzoyl chloride and 20 ml. of 2 N sodium hydroxide were added to the 
nixture in portions. The reaction mixture was cooled under the tap and 
taken until the odor of benzoyl chloride had disappeared. The mixture 
vas transferred to a separatory funnel and the white precipitate which 
iormed at the interface of the water and ether layers was brought into 
vlution by the addition of methanol. The ether-methanol layer was sep- 
ated, washed with water until neutral to litmus, and concentrated to 
Iryness in vacuo, giving 4.12 gm. of crystalline residue. This crude re- 
action product was recrystallized from 55 ml. of 95 per cent ethanol, 
siving 3.383 gm. of needles melting at 112-114°. A second recrystalliza- 
tion from 100 ml. of 90 per cent ethanol gave 2.95 gm. of crystals melting 
at 112-114°. 1 gm. of this product was recrystallized from 50 ml. of ace- 
nitrile, giving 0.50 gm. of pure N-benzoylsphingine (m.p. 112-113° 
with transition in crystalline form at 92-93°; [a]2? = +21.8° (0.100 gm. 
210 ml. of chloroform)). 


Analysis—C2;H4302N (389.6). Calculated. C 77.07, H 11.13, N 3.60 

Found. Te, “* TSG Se 
Oxidation of N-Benzoylsphingine to (—)-Benzoyl-a-aminostearic Acid— 
}gm. of N-benzoylsphingine were warmed with 150 ml. of glacial acetic 
id until all of the solid dissolved. To the solution were added 30 ml. of 
0 per cent acetic acid containing 1.8 gm. of chromium trioxide. The 
nixture was heated under a reflux for 30 minutes. The reaction mixture 
vas then cooled under the tap, diluted with 180 ml. of water, and allowed 
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to stand at room temperature for 30 minutes. A green precipitate forme) 
in the dark solution. The mixture was transferred to a separatory funnel 
and extracted with two 250 ml. portions of ether. The greenish yelloy 
ether extract was separated and washed with 200 ml. of 5 per cent hydro. 
chloric acid. It was then washed repeatedly with water until the wash. 
ings were neutral to litmus. A small amount of white precipitate that 
formed was removed by filtration. The ether filtrate was concentrated to 
dryness in vacuo, giving 3.22 gm. of gray-green chalky residue. This ma- 
terial was dissolved in 15 ml. of methanol with warming to form a dark 
green solution. A few drops of phenolphthalein were added and the solu- 
tion made slightly alkaline with 0.2 N potassium hydroxide in methanol, 
The solution was transferred, to a separatory funnel and extracted three 
times with 100 ml. portions of low boiling petroleum ether (30-60°). The 
methanol layer was then acidified with 5 per cent aqueous hydrochloric 
acid until the pH was less than 2. Water was added and the crystalline 
precipitate was extracted with 100 ml. of low boiling petroleum ether, 
The solution was evaporated under reduced pressure and the crude residue 
was dried in a vacuum desiccator over phosphorus pentoxide, giving 1.39 
gm. of crystalline product melting at 90-93°. Recrystallization of the 
crude product from 5 ml. of benzene gave 1.13 gm. of (—)-a-benzoyl- 
aminostearic acid (m.p. 93-94°; [a]3’ = —25.0° (0.107 gm. in 10 ml. of 
chloroform)). Two more recrystallizations of this product from 25 ml. 
portions of benzene did not change the melting point. 


Analysis—C2sHaO3N (403.6). Calculated. C 74.40, H 10.24, N 3.47 
Found. £6 FAIS, ** 10%52,*" S261 


Neutral equivalent—Calculated, 403.6; found, 411.0 


(—)-Benzoyl-a-aminostearic acid is soluble in acetone, ethyl acetate, 
methanol, chloroform, hot benzene, and hot high boiling petroleum ether. 
It is only slightly soluble in 95 per cent ethanol or ether. 

Racemization of (—)-Benzoyl-a-aminostearic Acid—50 mg. of (—)-ben- 
zoyl-a-aminostearic acid were heated on the steam bath with 0.4 ml. of 
acetic anhydride for 1 hour. Water (0.1 ml.) was then added and a crys- 
talline precipitate formed. The reaction mixture was warmed to solution 
and allowed to cool slowly, a crystalline precipitate again forming. The 
liquid was removed by a capillary pipette, and the residue was washed 
twice with 1 ml. portions of water and dried in a vacuum desiccator over 
phosphorus pentoxide. The product melted over a wide range (65-107°). 
This crude product was refluxed for 2 hours with 25 ml. of 0.12 Nn potas- 
sium hydroxide in 90 per cent methanol. The reaction mixture was made 
strongly acid and the crystalline precipitate which formed was collected 
on a filter, washed with water, and dried in a vacuum desiccator over 
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phosphorus pentoxide. The product weighed 40 mg. and melted at 106- 
116°. Reerystallization from 0.5 ml. of methanol gave 30 mg. of benzoyl- 
p-a-aminostearic acid (m.p. 113-116°), which showed no depression when 
nixed with an authentic sample. 

Preparation of Synthetic Benzoyl-pi-a-aminostearic Acid—Since DL-a- 
aminostearic acid is insoluble in aqueous sodium or potassium hydroxide, 
the benzoylation was carried out by emulsifying the amino acid in a solu- 
tin of Triton B. 1 gm. of DL-a-aminostearic acid was dissolved in 14 
nl. of 38 per cent Triton B solution and 6 ml. of water. 1 ml. of benzoyl 
chloride was added and the mixture was cooled and shaken vigorously 
util the reaction was complete. The reaction mixture was made strongly 
acid with 10 per cent hydrochloric acid and the gelatinous precipitate 
was filtered, washed well with water, and dried. The crude product 
melted at 70-90°. Attempted recrystallization from methanol resulted 
ina colloidal suspension which could not be filtered. Recrystallization 
fom 20 ml. of acetonitrile gave 0.79 gm. of impure material melting at 
(5-105°.. Concentration of the filtrate gave 0.88 gm. of a light amber 
il. The crude solid was recrystallized from 2 ml. of methanol, giving 
0.47 gm. of crystalline material melting at 109-116°. A second recrystal- 
zation from 0.8 ml. of methanol gave 0.45 gm. of material melting at 
\12-116°.. A final reerystallization from 1 ml. of methanol gave 0.43 gm. 
if benzoyl-pL-a-aminostearic acid melting at 115-116°. 


SUMMARY 


A convenient method has been developed for the preparation of diace- 
ylsphingine by catalytic reduction of triacetylsphingosine. The structure 
of sphingine has been established as 1-hydroxy-2-aminooctadecane by ox- 
idation of the N-benzoyl derivative to (—)-benzoyl-a-aminostearic acid. 

It has been discovered that acyl derivatives of p- and L-amino acids 
show characteristic changes in optical rotation on dilution of their dioxane 
or acetic acid solutions with water. These data appear to afford a new 
method of correlating the configuration of amino acids with their optical 
properties. On this basis, the (—)-benzoyl-a-aminostearic acid obtained 
from sphingine has been assigned the p configuration. 
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EFFECTS OF IONS AND NEUTRAL MOLECULES ON FIBRIN 
CLOTTING* 


By JOHN T. EDSALL anp WALTER F. LEVER 


(From the University Laboratory of Physical Chemistry Related to Medicine and Public 
Health, Harvard University, and the Department of Dermatology, 
Harvard Medical School, Boston, Massachusetts) 


(Received for publication, February 6, 1951) 


Previous studies in this laboratory by Ferry and Morrison (2, 3) have 
shown that the structure and properties of fibrin clots are greatly modified 
by variations of pH, ionic strength, and other factors during the clotting 
process. Clots vary in structure from the “‘fine’” type, which is trans- 
parent and has relatively low tensile strength and little tendency to syn- 
eresis, to the ‘‘coarse” type, which is opaque and has much greater tensile 
strength and a stronger tendency to syneresis. For human fibrin, the 
former type is formed at pH values above 7,' or at high ionic strengths, 
the latter at lower pH values, near 6.3, and low ionic strengths, near 0.15. 
The underlying structure of the clot, which accounts for these properties, 
has been discussed in detail by Ferry and Morrison (2, 3), Ferry (4), and 
Shulman and Ferry (5); the electron microscope studies of Hawn and 
Porter (6) and Hall (7) have provided further information. The ‘‘fine”’ 
ots are made up of an anastomosing three-dimensional network of fine, 
thin fibrils. The “coarse” clots possess a somewhat similar network struc- 
ture, but show thick fibrillar bundles, many hundreds of angstroms in 
cross-section, formed presumably by lateral aggregation of thin fibrils. 

The studies to be reported here have revealed that even at constant pH 
and ionie strength certain ions and neutral molecules at low concentrations 
exert a profound modifying influence on the structure of the clot and on 
the rate of its formation. Ferry and Shulman (8) have studied the influ- 
nee of several hydroxyl compounds on the process. Although the studies 

*This work has been supported by funds of Harvard University and the Eugene 
Higgins Trust, by grants from the Rockefeller Foundation and the National Insti- 
utes of Health, and by contributions from industry. 

This paper is No. 95 in the series ‘Studies on the plasma proteins,”’ on products 
leveloped by the University Laboratory of Physical Chemistry Related to Medicine 
ind Public Health, Harvard University, from blood collected by the American Red 


ross. 

A preliminary report on some of this work has been given by Ferry, Edsall, Mor- 
nson, Kimel, and Lever (1). 

‘For bovine fibrinogen the transition zone, at ionic strength 0.15, lies near pH 
‘,as is discussed in more detail below. 
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reported here are similar in method, they deal with compounds of quite 
different structure, including several reagents well known for their action 
in denaturing proteins, such as iodide, thiocyanate, urea, and guanidine 
hydrochloride. In our studies, however, these compounds have been em- 
ployed at concentrations far below those generally employed to produce 
denaturation. Nevertheless, they exerted a profound influence on the 
character of the clotting process. On the other hand, certain reagents, 
specific for sulfhydryl groups, were found to be without detectable influence 
on the course of clotting, a finding apparently incompatible with certain 
theories of the clotting process, which have postulated that the linkage 
between fibrinogen molecules, essential for fibrin formation, is brought 
about by reactive —SH groups. 


Reagents and Experimental Procedures 


Most of the chemicals employed were commercial preparations of high 
purity, and were used without further purification. Guanidine hydrochlo- 
ride was obtained from Hoffmann-La Roche, since their preparations of 
this substance were found to be the purest commercially available. Ini- 
dazole was obtained from the Edean Laboratories, South Norwalk, Con- 
necticut, and acetyl-pL-tryptophan from Merck and Company. We are 
indebted to Professor Leslie Hellerman of Johns Hopkins University for 
supplying us with p-chloromercuribenzoate and iodosobenzoate. 

Fibrinogen (Fraction I)—Human Fraction I (9-11)? dried in vacuo from 
a frozen solution containing citrate buffer, pH 6.3, was employed as the 
source of fibrinogen in most of the studies reported here, as in the earlier 
studies of Ferry and Morrison (2, 3) and Morrison (12). Most of the 
human Fraction I was Preparation 464, which had been prepared at the 
Lederle Laboratories by the methods developed here. In some experi- 
ments, dried bovine Fraction I, obtained from the Armour Laboratories, 
Chicago, Illinois, was employed. The protein in human Fraction I is 
approximately 65 per cent fibrinogen, as judged by its clottability with 
thrombin. That in bovine Fraction I is 65 to 75 per cent fibrinogen, by 
the same criterion. 

Thrombin—The human thrombin employed was derived from the pro- 
thrombin of Fraction III-2,3 of human plasma (13) by conversion with 
calcium and human placental thromboplastin (14). It contained approxi- 
mately 15 units of thrombin per mg. of protein. No lysis of the clots was 
observed in periods up to 48 hours.* 


2 Also unpublished data of Edsall, Ferry, and Morrison. 
3 Both Fraction I and Fraction III-2,3 contain traces of plasminogen (15), but 
the absence of lysis in our studies indicated that the amount of active plasmin pres- 
ent was negligibly small. 
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Dialysis of Fraction I to Remove Citrate—Dried Fraction I as ordinarily 
prepared contains approximately 30 per cent by weight of sodium citrate. 
Preceding each experiment the citrate was removed by dialysis against 
approximately 100 volumes of sodium chloride (0.3 mM) for a period of 15 
to 20 hours. Dialysis was carried out at 4° in cellophane bags of small 
bore with a large ratio of surface to volume. The fibrinogen content in- 
side the bag was generally 10 to 15 gm. per liter. 

Tests of Thrombin Activity—The activity of the thrombin preparation 
studied was determined in thrombin units by a method already described 
(16). Control studies showed that none of the reagents used, with the 
single exception of formaldehyde, caused any irreversible inactivation of 
thrombin at the concentrations employed in these studies. These tests 
were carried out by dissolving thrombin (100 units per ml.) in a solution 
containing all added reagents, except fibrinogen, and testing aliquots of 
this solution for thrombin activity after 100-fold dilution with 0.15 m 
sodium chloride, at a succession of time intervals over a period of 4 to 6 
hours. 

Preparation of Clotting Solutions and Determination of Mass of Fibrin 
Formed—The final reaction mixture in which the clotting process was 
studied contained 1 ml. of the dialyzed Fraction I solution (10 to 15 gm. 
per liter of fibrinogen) in 0.3 m sodium chloride, 18 ml. of a solution con- 
taining the reagents whose effects it was desired to study, and 1 ml. of 
thrombin solution (2 units thrombin per ml.). Thus the final fibrinogen 
concentration was generally 0.5 to 0.75 gm. per liter, and the thrombin 
concentration was 0.1 unit per ml. In a few experiments the final throm- 
bin concentration was chosen 10 times as high. The total ionic strength 
of the solution was generally adjusted to 0.15 mole per liter, except in a 
few experiments in which the effects of variation in ionic strength were 
the particular objects of study. The amount of residual citrate present 
in the clotting mixture, after dialysis and dilution, was calculated to be of 
the order of 0.0001 to 0.0003 m. 

In many of the experiments pH was adjusted by adding small amounts 
of primary or secondary sodium phosphate to the dialyzed Fraction I, 
before mixing it with the other reagents. Since most of the solutions 
were studied at pH values near 6.3, and since the pH of the Fraction I 
before dialysis was close to this value, the contribution of the phosphate 
to the total ionic strength was generally negligible. Later, when a par- 
ticular study was made of pH effects, the pH was controlled with imidazole 
buffer (17). In such experiments, the concentration of imidazole hydro- 
chloride (HIm+Cl-) was maintained constant, usually at 0.015 or 0.03 m, 
at all pH vaiues in a given set of experiments, in order to maintain its con- 
tribution to the ionic strength constant. The concentration of imidazole 
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base (Im), which does not contribute to the ionic strength, was varied ty 
attain the desired pH. Since the pK value of imidazole, at ionic strength 
values near 0.15, is very nearly 7.0, the concentration of Im in the reported 
experiments can be calculated from the pH and the concentration o 
HIm*Cl- by the Henderson-Hasselbalch equation.‘ 

Along with each group of experimental mixtures a corresponding group 
of control solutions was studied, containing the same concentration of 
dialyzed Fraction 1, in 0.15 m sodium chloride at pH 6.3. The rate of 
fibrin formation, and of turbidity increase, in these control solutions was 
remarkably uniform from one experiment to another. The weight of 
washed and dried fibrin formed at the end of 24 hours in this control solu- 
tion was used as the point of reference for comparisons with the solution 
under study, and was taken by definition as constituting a yield of 100 
per cent. This corresponds to the conditions chosen by Morrison (12) as 
standard for the quantitative assay of fibrinogen. 

As in Morrison’s procedure, the clots were formed in small shallow 
dishes. Each clot was loosened in the dish at the end of a given time and 
turned out onto a porous cloth of fine texture spread over an absorbent 
pad. Most of the liquid was rapidly removed by the pad. The clots 
were then washed, dried, and weighed as described by Morrison. Com- 
monly twelve samples, each of 20 ml., were studied in each experiment, 
together with another set of twelve samples of the control solution. One 
sample from each group of twelve was taken off shortly after a visible clot 
had begun to form; this was done usually within the first 5 minutes in the 
control solution, but often only after a considerably longer period in solu- 
tions containing inhibitors of clotting. The other samples were removed 
at suitable intervals over a period of 4 to 5 hours from the initial addition 
of thrombin, except for one which was held until the next day for deter- 
mination of the fibrin yield after 24 hours. 

This procedure is akin to that of Laki (18), except that Laki added 
potassium permanganate at the end of the desired interval of time in order 
to stop thrombin action instantly. We preferred to avoid the use of added 
inhibitors at this final stage in the reaction, since they might modify still 
further the character of the fibrin clot. 

T'emperature—The experiments were generally carried out at room tem- 
perature (22-25°). One study of reaction rates, described later, included 
also measurements at 11° and 35°. 


4 At 0.15 M, imidazole buffer markedly retards clotting, and at 0.3 m inhibits it 
completely, an effect observed by W. B. Dandliker in this laboratory and independ- 
ently by J. D. Ferry and S. Shulman (personal communication). However, at con- 
centrations of 0.03 m and below, as we have employed it here, imidazole buffer did 
not appear to modify the clotting process, as compared with control solutions con- 
taining only sodium chloride at the same pH and total ionic strength, 
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Turbidity of Clots—In the earlier experiments the degree of opacity of 
the clots was merely estimated by eye and recorded qualitatively. Later 
the change in turbidity, as the reaction proceeded, was determined by 
readings at 350 my with the Beckman spectrophotometer, with a 1 cm. cell. 
Since the path in the clotting medium is of unit length, the optical den- 
sity at the start of the reaction, Do, is given as logio (Jo/r)o, where J and 
[, are the incident and transmitted intensities, respectively, at zero time. 
Likewise the density, D, after a time, t, is logio (o/I 7), and the turbidity 
increment, Ar’, is Ar’ = logy (D/Do). The increment in the true turbid- 
ity, 7, is, of course, 2.303 times as great. It should be noted that 7’ is 
identical with the opacity as defined in the papers by Ferry and his asso- 
clates. 

The wave-length 350 mu, which has been employed also in the studies 
of Ferry and Morrison (2), is convenient for turbidity studies, since light 
scattering is intense at this wave-length, while true absorption by the pro- 
teins studied is practically absent. For comparison, measurements in one 
experiment were made also at 600 my; the results were similar to those 
reported by Ferry and Morrison (2) in their studies at these two wave- 
lengths. 


Results 


The data are summarized in Tables I and II, and in Figs. 1 to 6. 

Rate of Clot Formation under Standard Conditions—These conditions were 
set at pH 6.3, in 0.15 m sodium chloride, at 0.1 unit thrombin per ml. of 
fnal solution, and at temperature near 23°. Examples of experiments 
under standard conditions are to be found in Table I, Experiments | to 4, 
and Experiment 25 (see also Figs. 1 and 2). The onset of visible clotting 
occurred between 4 and 5 minutes after adding the thrombin. The yield 
of fibrin as determined by our procedure attained half the final maximum 
value in 8 to 15, usually in 10 to 12, minutes (the time denoted as ¢50 in 
Table I). At the end of an hour the fibrin yield was commonly near 85 
per cent of the 24 hour value. The latter was taken by definition as the 
value for total fibrinogen in the system. Fibrin yields in other solvents 
were then expressed as percentages of the 24 hour yield in this standard 
system. 

In a few cases (for instance, Experiment 5) clotting was studied with a 
thrombin concentration 10 times as great (?.e., 1 unit per ml. in the final 
reaction mixture). In this case, under otherwise standard conditions, the 
onset of visible clotting occurred approximately 45 seconds after addition 
of the thrombin, and the initial rate of fibrin formation was much greater, 
perhaps in direct proportion to the increased concentration of thrombin, 
though the rate of clotting was so rapid that exact values of these initial 
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rates were very difficult to determine.’ The final 24 hour yield, as Mor. 
rison (12) has already reported, was nearly identical with that obtained 
at the lower thrombin concentration. 

Effects of pH on Clot Formation and Turbidity in Sodium Chloride Solutions 
with Imidazole Buffers (Total Ionic Strength 0.15)—The results of these ex- 
periments are shown in Figs. 1 and 2 and were comparable with those in 
other buffer systems previously reported (5, 12). With rising pH, from 5.8 
to above 7, the time of onset of visible clotting and the time of 50 per cent 
fibrin yield were progressively shortened, and the 24 hour “‘fibrin’’ yield 
at pH 7 and above was a few per cent higher than at 6.3. The latter 
effect was probably due to occlusion of some of the non-clottable protein 
(12). 

The changes in turbidity as clotting proceeded, as a function of time and 
pH, revealed a characteristic distinction between the initial rate of in- 
crease in turbidity, which became progressively greater with increasing 
pH up to pH 7, and the final turbidity value characteristic of the com- 
pletely formed clot, which decreased with increasing pH, from pH 6.1 up 
to pH 7.6, the highest value studied. 3 minutes after adding thrombin, 
the most turbid solution was that at pH 7.0; after 10 minutes, it was the 
solution at pH 6.7; after 1 hour, the solution at pH 6.4; and after 24 hours, 
the solution at pH 6.1 (Fig. 2). The solution at pH 5.8 gradually deposited 
a precipitate in addition to forming a clot at an extremely slow rate; the 
clot was streaky and non-uniform, and hence its turbidity could not be 
measured. The pH of maximum initial rate of fibrin formation corres- 
ponds closely to the pH of minimum clotting time. 

Tonic Strength Effects: Sodium and Calcium Chlorides—The effects of 
ionic strength, at pH 6.2, were determined for sodium and calcium chloride 
solutions’ at ['/2 = 0.15, 0.30, and 0.45. The results are shown in Figs. 3 
and 4. In solutions of both salts, increase of ionic strength retarded clot- 
ting and diminished the turbidity of the clot even more than in proportion 
to the decrease in fibrin formation. The findings in the sodium chloride 
solutions were entirely consistent with those of Shulman and Ferry (5). 
However, the effects of increasing ionic strength were far more pronounced 
in the solutions containing calcium chloride. At I'/2 = 0.15 the initial 
rate of clotting in calcium chloride was slightly lower than in 0.15 mM sodium 


5 Preliminary experiments with purified fibrinogen, carried out with J. D. Ferry, 
P. R. Morrison, and V. Kimel, indicated that the rate of fibrin formation in the 
initial stages of the clotting process was approximately first order with respect to 
the concentrations of both fibrinogen and thrombin, under conditions covering the 
range with which we are concerned here. 

6 It should be noted that all the caleium chloride solutions contained 0.015 
sodium chloride to attain the desired total ionic strength. Thus the solution al 
ionic strength 0.45 contained 0,145 m calcium chloride and 0.015 m sodium chloride. 
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Mor. chloride, and the initial rate of turbidity increase was very much less. 
ained | However, the 24 hour turbidity was markedly higher than in the standard 
sodium chloride solution, and the weight of the clot after 24 hours was 
dials dightly higher. At I'/2 = 0.30 clot formation in sodium chloride began in 
™ in about 10 minutes; in calcium chloride no clot formed for more than an hour, 
ose in 
m 5.8 id Waal Shred 
r cent ‘ 
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of in- ¥ a 
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e: the Fic. 1. Fibrin yield as a function of time and pH; thrombin concentration 0.1 unit 
ern per ml., temperature 23°. All solutions contained sodium chloride (0.12 m) and 
allan enough imidazole buffer to make the total ionic strength 0.15. 
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0.018 u |. Fig. 2. Increment in turbidity as a function of time for four of the systems shown 
dite a |e Fig. 1. Turbidity values at the end of 4 and 24 hours are shown on the right- 
iloride. hand side. 





XUM 








744 FIBRIN CLOTTING 


although the 24 hour fibrin yield was greater than that of the standard. 
The turbidity was very much lower, at all stages of the reaction, than in 
sodium chloride at the same ionic strength. At I'/2 = 0.45 no clot formed 
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Fig. 3. Rate of fibrin formation as a function of time and ionic strength in sodium 
chloride and calcium chloride solutions at pH 6.3. In the calcium chloride solution 
at T'/2, 0.45, no fibrin had formed at the end of the first 6 hours. Hence, only the 
final 24 hour value is given for this solution. 
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Fig. 4. Increment in turbidity as a function of time and ionic strength for the 
same solutions shown in Fig. 3. The 48 hour value of Ar’ for the calcium chlo- 
ride solutions was 1.36 at I'/2, 0.15, a figure too large to be shown in the diagram. 
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J. T. EDSALL AND W. F. LEVER 745 
for several hours in calcium chloride, and the turbidity remained extremely 
low throughout, although the 24 hour fibrin yield was 52 per cent of normal. 
The effect of increasing concentration of calcium ions on the clotting proc- 
ess was thus qualitatively similar to that of sodium ions, but their quanti- 
tative effect was even greater than that calculated from their relative con- 
tributions to the ionic strength. 

Effects of Temperature on Rate of Clotting—The series of experiments 
reported in Table II was carried out to observe the effects of temperature. 
The pH in this system (6.05) was chosen rather low in the standard solu- 
tion at 23°, the time for 50 per cent fibrin formation being 32 minutes. 
This time was decreased to 17 minutes when the temperature was raised 
to 35°, while it was increased to 48 minutes on lowering the temperature 
to 11°. The amount of fibrin formed after 1 hour was greatest in the 


TaBLe II 


Effects of Temperature on Clotting Process 
Solvent medium, NaCl 0.15 mole per liter; pH 6.05. 





50 per cent 


Fibrin after 1 








Temperature fibeinetineclce ie | 24 hr. yield Turbidity 
’ . | 
us Os min, per cent | per cent 
11 45 67 | 96 Above normal, fine granules 
23 32 83 | 100* Normal 
35 17 78 | 95 Slightly low 





* See foot-note to Table I. 


solution at 23°, although the differences between the three solutions were 
relatively slight. The final turbidity value for the clots was highest at 
the lowest temperature. 

Differences between Human and Bovine Fibrinogen—A number of experi- 
ments carried out with bovine Fraction I revealed a striking difference 
in the pH dependence of turbidity from that found in human Fraction I. 
The turbidity of the clots, after 24 hours, is plotted as a function of pH 
in Fig. 5. In both species, the turbidity decreased monotonically with 
increasing pH, but the transition from the “coarse” opaque clot to the 
“fine” translucent clot occurred between pH 6 and 7 for human and be- 
tween pH 7 and 8.5 for bovine clots. The two curves shown for human 
fibrinogen were obtained with different buffers and on different fibrinogen 
preparations. The differences between these two curves, however, were 
small compared with the difference between either one of them and the 
curve for bovine fibrinogen. Ferry and Shulman (8) have reported simi- 
lar findings. 

Systems Containing Added Ions and Molecules Other than Sodium, Cal- 
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cium, or Chloride—Addition of various ions or molecules to the system, 
at a constant total ionic strength of 0.15, led in some cases to little or no 
change in the character of the clotting process, but in others to profound 
alterations. Most of these experiments were carried out at or near the 
standard pH of 6.3; in the case of guanidine hydrochloride, however, meas- 
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Fig. 5. Final turbidity increment values for human and bovine fibrinogen clots 
at the end of 24 hours, shown as a function of pH. The points for human fibrino- 
gen (()) were obtained in systems containing imidazole buffers. O, from another 
experiment with a different lot of fibrinogen with phosphate buffers. The points 
marked GB represent clots containing guanidine hydrochloride, 0.075 m (bovine 
fibrinogen) ; the point marked GH is for a similar clot with guanidine hydrochloride 
and human fibrinogen. The point marked K+SCN7- is for a clot made with 0.135 
potassium thiocyanate and human fibrinogen. 


studied was found to accelerate clotting. In their effects on rate of fibrin 
formation and turbidity increase they may be grouped as follows: 

1. Substances Giving Clotting Data Nearly Indistinguishable from Those 
of Control Solutions—Clotting in solutions of potassium (Experiment 6, 
Table I) and tetramethylammonium chloride (Experiment 16) was almost 
indistinguishable from that of the sodium chloride controls (Experiments | 
to 5). Replacement of chloride by bromide (Experiment 7) caused a 
slight increase in the clotting time. L-Tryptophan at 0.05 mM (Experiment 
22), in contrast to the acetyl tryptophanate ion at the same concentra- 
tion, gave clots indistinguishable from the controls, Addition of 0.5 ™ 
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glycine, in the presence of 0.15 m sodium chloride, had practically no 
influence on the clotting process.’ 

2. Substances Which Retard Clotting and Decrease Clot Turbidity—lIn this 
category are found the anions iodide, thiocyanate, and acetyl trypto- 
phanate (Actry—) and the neutral molecules urea and glucose. The salts 
containing the anions mentioned were all sodium salts; hence, the specific 
effects observed may be ascribed to the anions. . 

Nearly all the studies were carried out at a constant total ionic strength 
of 0.15, with the necessary amount of sodium chloride, in addition to the 
other ions under study, to maintain the ionic strength at this fixed level. 
The effects of the ions increased in the order IC < SCN- < Actry~. Ex- 
periments 9, 10, and 11, in which 0.135 m potassium iodide was employed 
at three different pH values, showed in every case a greatly delayed clot- 
ting, as compared with the sodium chloride controls at the same pH 
values. The final 24 hour yield (F24), however, amounted in all these 
cases to more than 90 per cent of the control. In Experiment 8, with 
no sodium chloride and 0.15 M iodide, the final yield was only 59 per cent. 
The rate of turbidity increase in the iodide solutions was lowered even 
more than the fibrin yield (compare Experiments 4 and 11). 

The effects of thiocyanate ion (0.135 mM) were similar, but much greater. 
At pH 6.25 (Experiment 14) no clot formed at all for a period of nearly 
2 hours. The Fo, value was 61 per cent of the sodium chloride control 
solution. The increase in turbidity was very small, the ratio Ar’/Fos in 
the thiocyanate solution being only 22 per cent of that in the control. 
Even when the thrombin concentration was increased to 1 unit per ml. 
(Experiment 15), clotting was much slower than at 0.1 unit per ml. in the 
control, and the final value of Ar’/F24 was less than two-thirds of that 
in the control. At pH 6.7 (compare Experiments 2 and 13) the time for 
50 per cent fibrin yield was prolonged from 5 minutes in the control solu- 
tion at the same pH to 120 minutes in the thiocyanate solution. 

The inhibitory effects of acetyl tryptophanate (Experiments 17 to 21) 
were so great that most of the experiments were carried out at molar 


7 In 1 M solution, at pH 6.2 in 0.15 m sodium chloride, glycine produced a slow ap- 
pearance of cloudiness in the fibrinogen solution, in the course of 30 minutes, before 
thrombin had been added. A normal homogeneous clot formed, however, on addi- 
tion of thrombin. When the concentration of glycine was raised to 2 M, in the ab- 
sence of thrombin, the fibrinogen rapidly precipitated as fine granules, with some 
strands here and there. Dr. W. B. Dandliker in this laboratory has carried out 
some further studies on the use of concentrated glycine solutions for the reversible 
precipitation of fibrinogen from Fraction I. Glazko and Greenberg (19) have also 
noted that glycine up to 0.2 mM caused no modifications in coagulation time in the 
second phase of blood coagulation. 
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concentrations of this ion of only 0.05 to 0.10. Even at the lower of 
these concentrations, clotting was markedly delayed, and the turbidity 
was decidedly lower than in the control. At 0.10 M, the effects were com- 
parable to those of thiocyanate at 0.135 m.§ 

The effects of urea, shown in Fig. 6, and of glucose (Experiments 23 
and 24) were qualitatively similar to those of the anions discussed above, 
Since these molecules are non-ionic, it was necessary to add them in the 
presence of 0.15 m sodium chloride. The effects of urea were much more 











marked than those of glucose. Even 0.10 m urea definitely slowed the 
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Fic. 6. Effect of urea on the rate of fibrin formation. All solutions contained 
0.15 m sodium chloride at pH 6.3. The top curve is for a solution containing no 
urea; the others are for solutions containing the amounts indicated on the diagram. 


rate of clotting and diminished the turbidity of the clot, as compared with 
the control. At 0.5 M, the rate of clotting was greatly delayed, the final 
fibrin yield being only 38 per cent, and the turbidity was very low. Glu- 
cose at 0.10 M, on the other hand, showed little difference from the control, 
and even at 0.5 m the glucose system was much more nearly normal than 
the urea system at the same concentration. 

All these reagents, by their influence in diminishing turbidity of the 
clot, produced an effect equivalent to that of shifting the pH to more 
alkaline values. On the other hand, all retarded the clotting process, and 


8 One unusual phenomenon was noted in the studies with acetyl tryptophanate. 
The clots on drying gradually turned dark in the air and sometimes became quite 
black. Perhaps formation of some kind of melanin was involved, but we have not 
attempted to study this phenomenon further. 
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er of | in this respect their action was in the opposite direction to that produced 
idity | by an increase in pH. 

oe: 3. Substances Which Retard Clotting and Increase Clot Turbidity—Only 
one substance studied by us was found to belong in this class: namely, 
ts 23 | guanidine hydrochloride (Table I, Experiments 26 to 30). 

bove. At pH 6.3 the guanidinium ion proved a powerful inhibitor. Even at 
n the | 0.05 M, it greatly retarded clotting, the time for 50 per cent fibrin forma- 
more | tion being increased from the control value of 12 + 3 minutes to 45 minutes 
| the | in one experiment and to 200 minutes in another. However, the final 
24 hour yield was between 85 and 88 per cent of that in the control, and 
the value of Ar’/F 24 was actually greater than in the control. When the 
concentration of guanidinium ion was 0.075 Mm, no clot formed for over 2 
hours in one experiment, and only a minute amount of clot at the end of 
lhour in another. The clots were not uniform in consistency, but showed 
streaks and strands of fibrin, and in some experiments a small amount of 
precipitate settled to the bottom before a true clot began to form. Be- 
cause of their non-uniformity, it was impossible to obtain significant tur- 
bidity readings on these clots. They appeared indeed very much like the 
clots prepared in the sodium chloride control solutions at lower pH values, 
near 5.8. 

The effect of the guanidinium ion at more alkaline pH values was strik- 
ing. At pH 7.3 and at 0.075 m guanidine hydrochloride (Experiment 29), 
clot formation proceeded rapidly and there was a progressive increase in 
turbidity to values far higher than those found in the control clots at the 
same pH. The value of Ar’/F24 was 0.81, as against 0.11 in the control. 


tained | Jy fact, the clotting curves in the presence of guanidinium ion at this pH 
eile (Experiment 29) were almost identical, with respect to both fibrin for- 


mation and turbidity, with those in the control preparation at pH 6.4 to 
| with | 6.7, as shown in Figs. 1 and 2. This was true over the entire course of the 
> final | experimental curves, as well as for the specimen points recorded in Table I. 
Glu- | The effect of substituting guanidinium ion for sodium ion at constant 
ntrol, | ionic strength thus appeared essentially equivalent to that of a shift of 
| than | PH in the direction of greater acidity. This was found to be true in 
solutions of bovine fibrinogen also. For instance, in Fig. 5, the point 
of the | marked GH represents the final turbidity attained after 24 hours in a 
more | Clot prepared from human fibrinogen at a guanidine hydrochloride con- 
s, and | centration of 0.075 m. The two points marked GB represent the turbidi- 
ties of similar clots formed from bovine fibrinogen. In each ease, it will 
mer be seen that the guanidine hydrochloride points are shifted to the right 
ve not | of the corresponding control curves for the human and bovine fibrinogen. 
This is true over a wide range of pH values. The displacement involved 
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amounts to the equivalent of 0.8 to 1 pH unit for 0.075 m guanidinium 
ion. Unfortunately, quantitative turbidity data could not be obtained 
for the more acid solutions, near pH 6.3, on account of the non-uniformity 
of the clots already mentioned. 

Effects of Formaldehyde—Formaldehyde differed from all the other re- 
agents tested in that it produced apparently irreversible alterations of 
both thrombin and fibrinogen. Its effect on thrombin activity was tested 
by allowing solutions containing 100 thrombin units per ml. to stand with 
formaldehyde for various lengths of time before diluting the thrombin 
solution to a final concentration of 0.1 unit per ml. in the clotting mixture. 
When the concentrated thrombin solution was exposed to an initial con- 
centration of 0.033 m formaldehyde, the clotting time, on the diluted solu- 
tion added to fibrinogen, rose progressively from 32 to 150 seconds as the 
incubation period was varied from 1 minute to 7} hours. At a concen- 
tration of 0.33 m formaldehyde the clotting time rose from 1 to 15 minutes 
over the course of 5 hours incubation. No other reagent tested was found 
to alter the clotting time in this manner. It was also found that the 
clottability of fibrinogen was progressively decreased when the fibrinogen 
solution was allowed to stand with formaldehyde (0.33 m) for various 
periods of time before thrombin was added. The fibrin yield at the end 
of 1 hour was 60 per cent of the 24 hour sodium chloride control value, 
when the thrombin was added immediately after mixing the formaldehyde 
with the fibrinogen solution. If, however, the formaldehyde-fibrinogen 
mixture was allowed to stand for various lengths of time before adding 
thrombin, the 1 hour fibrin yield fell progressively, approximately as a 
linear function of time, to a value of 29 per cent when the incubation 
period was prolonged to 5 hours.® 

Studies with Reagents Which Combine with Sulfhydryl Groups—Since the 
suggestion has been made (21, 22) that the linkage of fibrinogen molecules 
in the formation of fibrin may be through the conversion of intramolecular 
sulfhydryl groups to disulfide linkages, a study was made to determine 
whether reagents which block sulfhydryl groups would interfere with the 
clotting process. On the extreme assumption that all the cysteine and 
cystine sulfur in fibrinogen might exist as —SH groups, the maximum 
possible concentration of such groups in the solutions studied by us, con- 
taining 1 gm. of fibrinogen per liter or less, would be of the order of 0.00025 
equivalent per liter (23). We, therefore, chose the concentration of added 
blocking reagent to be at least 4 times as great as this. The actual con- 
centration of free sulfhydryl groups must indeed be far less than 0.00025 M, 
and may even be zero (24). 


9A detailed and critical study of the action of formaldehyde on fibrinogen and 
thrombin has recently been published by Waugh and Livingstone (20). 
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The first experiments were made with p-chloromercuribenzoate. The 
dotting mixture was adjusted to contain the mercuribenzoate ion at a 
concentration of 0.001 M, the fibrinogen concentration being 0.75 gm. per 
liter. The ionic strength was 0.15 and the pH was adjusted to 7.0 with 
imidazole buffer. Aliquots of the solution were allowed to stand for vari- 
ous lengths of time, and thrombin was then added to a final concentration 
of 1 unit per ml. The clotting time was found to be consistently the 
same as in the controls, around 35 seconds at 23°, whether the thrombin 
was added 1 minute after mixing the mercuribenzoate with the fibrinogen 
or whether it was added as long as 160 minutes later. Similar experiments 
were carried out by adding 0-iodosobenzoate (25), iodoacetate, and iodo- 
acetamide to the fibrinogen, each at a concentration of 0.001 m and at 
pH 7. Also mixtures of iodoacetamide and 0.3 mM urea were compared 
with mixtures containing the same concentration of urea but no iodoace- 
tamide. All these experiments were carried out at pH 7. The urea, of 
course, somewhat altered the clotting process in the manner described 
earlier in this paper, but neither iodoacetate nor iodoacetamide, with or 
without urea, produced any detectable change as compared with the con- 
trols, and the weight of the clots formed after 24 hours was not affected 
by these reagents. 


DISCUSSION 


The general effects of ionic strength and of pH on the clotting process, 
demonstrated by the work of Ferry and Morrison (2) and of Shulman and 
Ferry (5), have been confirmed and extended in the studies reported here. 
In addition, our studies reveal highly specific effects of various ions and 
neutral molecules at constant ionic strength and pH. Specific interactions 
of various ions with proteins are now becoming increasingly recognized. 
The best studied protein has been serum albumin, which has been shown 
by dialysis equilibrium and electromotive force measurements (26), and 
also by measurements of pH (27) and light scattering (28), to bind chloride 
and thiocyanate ions, the latter being bound much more strongly than the 
former. Serum albumin also interacts strongly with fatty acid anions 
(29, 30), with the anion of acetyltryptophan (31), and with many dyes and 
drugs (32). Several other plasma proteins have been shown to interact 
far less, or not at all, with these reagents (33). Systematic studies on 
fibrinogen have not yet been undertaken, but the observations reported 
here provide indirect evidence of strong interactions of certain substances 
with fibrinogen or fibrin, probably with both. Anions such as iodide, thio- 
cyanate, and acetyl tryptophanate at pH 6.3 modify the structure of the 
clots in the direction of increasing fineness, as compared with the controls. 
Such clots showed not only low turbidity but also increased friability and 
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greatly diminished tendency to syneresis under slight pressure. In thege 
respects the substitution of chloride by one of the anions mentioned above 
was equivalent to an increase of pH. The findings suggest that these 
anions are bound to fibrinogen and fibrin, and thereby increase the ef. 
fective negative charge on the protein at constant pH and inhibit the 
aggregation of the primary fibrils into thicker bundles. 

Whereas increase of pH up to 7.5 accelerates clotting, iodide, thiocyanate, 
and acetyl tryptophanate greatly retard it. The effect of pH on clotting 
has been interpreted by Shulman and Ferry (5) on the hypothesis that a 
particular set of ionizing groups in fibrinogen or thrombin, or both, is 
essential to the primary polymerization process which leads to formation 
of the clot, and further that these groups are reactive only in the basic 
form, their reactivity being blocked by addition of a proton. Considering 
the pH region involved, it was suggested that these groups were imidazole 
groups of histidine, with pK near 7. The binding of iodide, thiocyanate, 
or acetyl tryptophanate at pH 6.3 leaves the specific groups, postulated 
above, still in the relatively unreactive acidic form. On the other hand, 
it causes an increase in the total negative net charge on the protein. Such 
an increase of net charge should delay clotting because of electrostatic 
repulsions. 

Added reagents may exert their effects on the initial stages of the clot- 
ting reaction by interaction with either thrombin or fibrinogen, or both. 
All tests employed by us have shown that no irreversible inactivation of 
thrombin is produced by any of the reagents employed (except formal- 
dehyde), although a reversible partial inactivation of thrombin is not ex- 
cluded. In the later stages of the process, on the other hand, inhibition 
of the transformation from fine to coarse structure of the clot must be 
due to interaction of the added ions with fibrin, rather than with thrombin. 

The effect of urea is obviously not explicable in terms of alteration in 
net charge of the protein due to binding. If cross-linking by hydrogen 
bonds plays a major part in the formation of the fibrin clot (34), then 
the urea may act, on account of its own strong tendency to form hydrogen 
bonds, by attaching itself to the sites at which cross-linking would occur, 
thus blocking the reaction. It is somewhat surprising, however, that such 
marked effects are observed at urea concentrations of 0.1 to 0.5m. These 
are, of course, far below the concentrations at which urea acts as a denatur- 
ing agent for fibrinogen. The recent comprehensive studies of Mihalyi 
(35), for instance, on the denaturation of fibrinogen, were carried out at 
urea concentrations of 10 to 30 per cent by weight. Glazko and Green- 
berg (19) found no effect of either urea or glycine, up to 0.2 M, on the clot- 
ting time of fibrinogen and thrombin. We confirm their findings on gly- 
cine, but not on urea. 

Guanidine hydrochloride is another widely studied denaturing agent, 
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but at the very low concentrations employed in this study it appears 
wlikely that denaturation plays any part in the observed effects. In- 
deed, in so far as the structure of the clot is concerned, its effects are in 
the opposite direction to those produced by urea; nevertheless, both re- 
agents retard clotting. The action of guanidine hydrochloride, compared 
with that of sodium chloride, is equivalent to a decrease of pH. Thus 
the results suggest binding of guanidinium ion by the protein, with a 
consequent reduction of its negative net charge. That the effect of this 
binding should be so nearly equivalent to that of proton binding, with 
respect to rate of clotting as well as turbidity, is perhaps somewhat sur- 
prising in the light of the theory of pH effect on clotting proposed by Shul- 
man and Ferry (5). 

Our studies on the action of formaldehyde give results compatible with 
the more extensive observations of Mihalyi and Lérand (86). Interaction 
with protein amino groups certainly must play a part in the observed 
effects, but the slowly progressive character of the inactivation of fibrin- 
ogen and thrombin and the manifold variety of the reactions of formal- 
dehyde with proteins (37) suggest that other reactions are also involved. 

Our evidence, from the experiments with reagents which block or oxi- 
dize sulfhydryl groups, indicates that such groups play no part in the 
dotting process. The contrary view has been expressed by Baumberger 
(21) and by Lyons (22), and more recently by Jeener (38). Both the two 
former authors inferred from polarographic measurements that unreactive 
sulfhydryl groups of fibrinogen became accessible for reaction on activation 
by thrombin, subsequent clot formation involving oxidation with the for- 
mation of intermolecular disulfide linkages. G. J. Millar, in the labora- 
tory of L. B. Jaques,! repeated and in part confirmed Lyons’ experimental 
findings, but concluded that the observed effects gave no evidence of a 
liberation of —SH groups during clotting. Bagdy, Guba, Lérand, and 
Mihélyi (24) found no inhibition of clotting after fibrinogen had been 
incubated with 0.0015 m iodine (removed by dialysis before adding throm- 
bin). Similarly, ferricyanide and chloroacetophenone did not block the 
process, although ferricyanide, as a trivalent anion, did retard clotting. 
Nanninga (40) found that arsanilic acid (0.005 m), selenite (0.01 m), iodo- 
acetate (0.01 m), or p-chloromercuribenzoate (0.002 m) had no inhibitory 
action on clotting, even when incubated with thrombin for many hours 
before adding fibrinogen. In our experiments the reagents were incubated 
with fibrinogen, and the thrombin then added." Our results are com- 
pletely consistent with those of Nanninga and of Bagdy et al., and appear 


See the discussion by Jaques (39). 

"Our experiments, the last in this series of studies reported here, were carried 
out in May and June, 1947, independently of Nanninga’s work, of which we learned 
shortly afterward. 
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to provide decisive evidence against the ‘sulfhydryl group theory”’ of clot. 
ting.” The important observation of Lérdnd (41, 42) (see also Mihilyj 
(34)) that fibrin clots made from purified fibrinogen, though not thog 
made from whole plasma, are soluble in 30 per cent urea is also powerful 
evidence that the cross-linkages holding the elements of the fibrin clot 
together could not be disulfide bonds. 

Note Added June, 1951—The statements made in the preceding para- 
graph call for some additional comment in view of recent experiments, 
Following some suggestive observations of Lérand (42), Dr. Ariel G. Loewy 
in this laboratory has studied the effect of a number of reagents on the urea 
solubility of clots made from solutions containing calcium ions and the 
“serum factor” of Lérénd. Such clots are normally insoluble in 30 per 
cent urea, but they are readily soluble in this medium if formed in the 
presence of mercuric chloride or methyl mercuric nitrate (compare Hughes 
(43)) at a concentration of 10-* M, or slightly less. Iodoacetamide, at 
slightly higher concentrations, has the same effect. These observations, 
which will be reported later in detail, suggest that sulfhydryl groups are 
somehow involved in the formation of the linkages which make these clots 
insoluble in concentrated urea, although there is no evidence that such 
linkages are involved in the structure of clots formed in the absence of 
calcium ions. These findings in no way affect the validity of the experi- 
mental facts reported above, but they are mentioned here in order to give 
a more complete picture of the problem. 


SUMMARY 


1. The rate of formation of fibrin clots from fibrinogen and thrombin 
and the structure of such clots are profoundly modified by variation of 
pH and ionic strength, as well as by the addition of certain ions and neuw- 
tral molecules at constant ionic strength. 

2. With rising pH, from 5.8 to above 7, the rate of clot formation in- 
creases, but the turbidity of the fully developed clot decreases, as pre- 
viously shown by Ferry and Morrison. The transition from ‘‘coarse” 
(opaque) clots to “fine” (translucent) clots occurs in a more alkaline pH 
range with bovine than with human fibrin. 

3. In calcium chloride solutions at pH 6.3, increase of ionic strength 


12 Jeener (38) has reported that iodoacetamide (apparently at 0.05 m) inhibited the 
clotting of purified fibrinogen, while we found it inactive at 0.001 m. At the higher 
concentration used by Jeener, other reactions than that with sulfhydryl groups may 
be involved. Thus Nanninga (40) found that iodoacetate was inhibitory at 0.10 
M, though not at 0.01 mM, and suggested that reactions with amino groups might be 





involved. At these high concentrations other types of inhibitory action, such as) 


those found in our studies with iodide, thiocyanate, and acetyl tryptophanate, ma) 
also come into play. 
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from 0.15 to 0.45 greatly retards clotting and lowers the turbidity of the 


cot. The effects of increasing ionic strength in sodium chloride solutions 
are similar, but less pronounced. 

4, The anions iodide, thiocyanate, and acetyl tryptophanate retard clot- 
ting and decrease clot turbidity, even at pH 6.3 and ionic strength 0.15. 
These effects are interpreted as due to selective binding of these anions 
by fibrinogen or fibrin, or both. 

5. Addition of urea (0.1 to 0.5 M) at ionic strength 0.15 also retards 
clotting and decreases clot turbidity. The possible mechanism of this ef- 
fect is discussed. The action of glucose is similar to that of urea, but 
less pronounced. 

6. The guanidinium ion, even at concentrations of 0.075 m and below, 
greatly retards clotting, but, unlike the other ions and molecules studied, 
it increases the turbidity of the clot. These effects are closely similar to 
those produced by lowering pH, and suggest binding of guanidinium ion 
by the protein. 

7. The cations potassium, bromide, and tetramethylammonium and the 
neutral molecule L-tryptophan do not materially modify clot structure and 
the rate of clot formation. 

8. None of these reagents was found to inactivate thrombin irreversibly. 
Formaldehyde, however, even at low concentrations, was found to produce 
a slow inactivation of both fibrinogen and thrombin. 

9. Several reagents which inactivate sulfhydryl groups were found to 
be without observable influence on the clotting process. 
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Since 1934, when it was shown that ergosterol is not the only provita- 
nin D occurring in nature (1), the provitamin D content of the mixed 
sterols from many sources has been investigated (2-6). It has been found 
that the sterols from many of the invertebrates contain a surprisingly 
large amount of provitamin D as measured spectroscopically. Windaus 
3) and Bock and Wetter (4) were able to isolate, in certain cases, a pro- 
vitamin D fraction sufficiently pure for identification and they always 
obtained either ergosterol or 7-dehydrocholesterol. Boer et al. (7, 8) de- 
sribed the preparation of provitamin-containing sterols from several in- 
vertebrate sources and claimed that, on irradiation, these sterols yield a 
vitamin D which is highly efficacious when tested on chicks. These work- 
ets also described the purified provitamin sterol from selected sources, 
particularly the edible mussel, Mytilus edulis, and the periwinkle, Littorina 
littorea. The physical and chemical constants given for these provitamin 
fractions indicated that they were different from known sterols, but the 
fact was not thoroughly excluded that they were mixtures. 

More recently van der Vliet (9, 10) reported a detailed study of Mytilus 
provitamin D and concluded that it was a mixture. While none of the 
components was isolated in pure form, on the basis of fractionation pro- 
cedures, degradation, and biological efficacy of certain fractions he con- 
cluded that the provitamin mixture consisted of approximately 50 per 
cent 7-dehydrocholesterol, 17 per cent ergosterol, and nearly 33 per cent 
of a third provitamin tentatively identified as 22-dehydro-7-dehydrocho- 
lesterol (A® 7: 22-cholestatrien-3-ol). In addition, there was evidence of a 
small amount of an unidentified fourth component. 

Prior to World War II the mixed sterols of M. edulis were developed 
in Holland as a commercial source of provitamin D. Large quantities of 
these sterols were imported by the du Pont company during the period 
1938-40 and irradiated with ultraviolet light to yield vitamin D prepara- 
tions for use particularly in poultry and animal feeds. Thus we had an 
opportunity of learning the provitamin D content of these sterols and, 
after careful irradiation, the yield and biological efficacy of the vitamin D 
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produced, as determined by both rat and chick assays by using the U. §. P 
reference cod liver oil as the standard preparation in each test. 

At the same time we carried out extensive studies on American sources 
of provitamin D-containing animal sterols. Following Boer et al. (7, 8), 
we examined a wide variety of invertebrates, among them samples of ¥. 
edulis from both the Atlantic and Pacific coasts. The sterols from these 
latter were found to possess approximately the same provitamin D con. 
tent as reported by the Dutch workers. A more profitable source, hovw- 
ever, proved to be the sterols from the ribbed mussel, Modiolus demissus 
(Dillwyn)! (11), which occurs abundantly in the intertidal zone and the 
marshes of the Atlantic seaboard from New Jersey to Florida. Not only 
was this mussel more easily and more abundantly available than Mytilus 
but also the provitamin D content of the isolated sterols was found to be 
much higher. Further, it was found that, on irradiation with ultraviolet 
light, this provitamin D gave a greater yield of vitamin D with a higher 
chick-rat ratio of efficacy. 

In this paper we wish to describe briefly some of our findings as to the 
nature of the provitamin D from Modiolus based on preliminary chemical 
and physical characterization and also on the biological efficacy of the vita- 
min D which it yielded on irradiation. In an accompanying paper (12) 
there are described the isolation and characterization of a spectroscopically 
pure provitamin D fraction from this same source. 


EXPERIMENTAL 


Provitamin D Content of Mixed Sterols of M. demissus (Dillwyn)—The 
method of preparing the sterol fraction from the ribbed mussel may be 
described briefly. Freshly gathered mussels were first steamed thoroughly 
and the meat was then separated by hand from the shells. Packed in 
well tinned cans, this meat could be held in frozen storage as long as de- 
sired. The steamed meat represented approximately 10 per cent of the 
weight of the mussels as gathered. 

In order to hydrolyze the protein and saponify the fat in one operation, 
the mussel meat was treated with aqueous-alcoholic alkali for several hours 
at a refluxing temperature. During the latter part of this treatment some 
of the solvent was distilled, and then the remaining solution was diluted 
with more water and repeatedly extracted with ether. After washing the 
ether extract to neutral reaction with water, the ether was distilled off and 
the sterol residue was recrystallized from alcohol till sufficiently pure. The 


1 The investigation of this mussel as a source of provitamin D was first suggested 
by Dr. W. S. Calcott, of our Company. We are indebted to Dr. Curtis L. New- 
combe, then of the Virginia Fisheries Laboratory, Jamestown, Virginia, for its 
identification as Modiolus demissus (Dillwyn). 
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yield of total sterols obtained in this way was of the order of 1.1 gm. per 
pound of mussel meat. 

The provitamin D content of the many batches of sterols produced as 
above was estimated spectroscopically by using the molecular extinction 
coefficients of ergosterol as the standard. The values obtained in this way 
were in the range from 35 to 50 per cent with an average of more than 
40 per cent provitamin D. These figures are distinctly higher than those 
for Mytilus sterols (provitamin D content, 6 to 18 per cent). 

Yield and Efficacy of Vitamin D from Mussel Provitamin—In Table I we 
have summarized the data which were obtained on the yield of vitamin D 
by the irradiation of both Mytilus and Modiolus sterols. Repeated tests 


TABLE I 
Yield of Vitamin D from Different Sources of Mussel Sterols 





























| Activity in U. S. P. Activity in A. O. A. C. 
| rat units per / chick units per_gm. 
| provitamin provitamin D 
| — 
"» % | rat 
ae Mean, at | Mean, Tatlo 
oe Range mil- | ‘6 s Range mil- 
oa lions | 6.4 lions 
fn See). ae: 
1938-40 Mytilus, Dutch | 11 | 8.3-11.9) 9.5) 8 | 5.6 7.9 6.7) 0.71 
1940 Modiolus (Va.) | 14 11.7-17.1) 14.1) 14 |11.0-17.9 15.4) 1.10 
1941 .: i INE) bo 13.1-17.0) 14.7) 7 |12.6-16.5) 14.1) 0.96 
1942 * (N. C.) 11 11.2-17.5) 13.6, 11 10.0-14.8 11.4! 0.84 
1948 | (Var Nee.) ed 14.7-15.8 15.2 2 |12.5-15.5) 14.0) 0.91 
a (1 | | 14.7; 1 | 


M6 ‘ | | 16.7) 1.18 





*On the average, each plant batch was assayed five separate times on rats and 
four times on chicks. 


with both rats and chicks were used in the assay of the different batches. 
In many of the chick tests (A. O. A. C. procedure (13)), values from out- 
side laboratories in addition to those from this laboratory were included. 
In view of the large amounts of provitamin irradiated, the number of dif- 
ferent batches and the replicated tests on each, the mean values reported 
in Table I must be regarded as being quite accurate. It is obvious that 
the yield of vitamin D from Mytilus provitamin is distinctly less than 
from Modiolus provitamin, especially when assayed by the chick method, 
indicating that the provitamins from the two sources are different in char- 
acter. This could be due to difference in the chemical constitution or to a 
different ratio of components if there is a mixture of provitamins in both 
species of mussels. 

It is also indicated by the yield values shown in Table I that Modiolus 
provitamin varies somewhat in composition, depending on the source of the 
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mussels. In 1940 all the mussels came from Virginia; in 1941 the major. 
ity came from Virginia but some were collected in North Carolina. The 
entire 1942 crop originated in North Carolina. Those taken in 1943 came 
from both states, while the single batch processed in 1946 came from Vir. 
ginia. In addition to higher yield, it seems apparent that the provitamin 
from Virginia mussels yields vitamin D with a higher chick-rat ratio than 
does that from North Carolina mussels, this change in ratio being due 
mainly to a difference in yield of vitamin D as assayed by chicks. 

It may be mentioned that, when the vitamin D from the 1946 batch of 
sterols was being assayed, we repeated the assays of one preparation from 
the 1942 mussel sterols. We again found the chick-rat ratio of the latte 
to be low, 0.85, while the ratio for the former was found to be 1.13. We 
have no evidence as to what factor in the environment (¢.g., food supply, 
temperature, etc.) was responsible for the change in the sterol composi- 
tion, but we believe that these data suggest that the provitamin consists 
of more than one component. 

Incidentally, it is difficult to understand the low yield of vitamin from 
the Dutch Mytilus provitamin if, as van der Vliet suggests (10), it con- 
tains approximately 50 per cent 7-dehydrocholesterol and 17 per cent ergos- 
terol. Our experience would indicate that a much higher yield of vita- 
min D should be obtained by irradiation of such a mixture. 

Preliminary Chemical Characterization of Modiolus Provitamin D—Pr- 
liminary studies on the isolation of pure provitamin D were carried out 
with sterols from mussels collected during the summer of 1940. The sterol 
fraction (2.5 gm.) was dissolved in light petroleum (b.p. 30-40°) and ad- 
sorbed on a column of aluminum oxide. Upon elution with the same sdl- 
vent, to which about 1 per cent of methanol was added, sterol fractions 
low in provitamirf D were obtained first. At later stages of the elution 
the Modiolus provitamin D was obtained in 41 per cent yield and 80 to 
85 per cent purity. The material thus isolated showed a melting range 
of 114-127°. A spectroscopically pure sample, described in the accom- 
panying publication (12), melted at 125-127°. This low melting range 
suggests either that the provitamin D is a mixture of different chemical 
substances or that, if a single substance, the provitamin D is a compound 
entirely different from all known, naturally occurring D provitamins. 

Another sample of the mixed sterols of Modiolus was acetylated by 
heating to a reflux with acetic anhydride. The acetates, showing a pro- 





vitamin D content of 30 to 32 per cent and a melting range of 108-116, 
were subjected to selective adsorption on aluminum oxide and elution with 
the same technique as described above for the free sterols. One pass 
through the column gave a total of fourteen fractions, one of which, weigh- 
ing 0.441 gm. and containing the provitamin D acetate in a concentration 
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of 75 per cent, corresponded to a 44 per cent recovery of the provitamin 
D charged. This provitamin D acetate fraction melted over the range, 
98-130°, indicating that, when purified, it probably would melt above this 
temperature. ‘This finding is of interest since it shows that the acetate of 
the Modiolus provitamin D melts at a higher point than the provitamin 
D itself, while, for example, the acetate of 7-dehydrocholesterol melts con- 
siderably below the free 7-dehydrocholesterol. It should also be noted 
that the melting point of the acetate of the Modiolus provitamin D, even 
in impure form, is higher than the melting point of the acetate of 7-dehy- 
drocholesterol (128-129°). 

In order further to characterize the Modiolus provitamin D and to dis- 
tinguish it more sharply from known compounds, we exposed an alcoholic 
solution of the sterol fraction (5.6 gm. containing 41 per cent provitamin 
D) to sunlight in the presence of eosin in a mixture of 90 per cent alcohol 
and 10 per cent benzene. As Windaus (14) has shown, under such condi- 
tions, the non-provitamin sterols remained unchanged, while the provitamin 
molecule was dehydrogenated with the formation of a sparingly soluble 
bimolecular compound. This was isolated and separated from the regu- 
lar sterols since it precipitated from the solution. This bimolecular com- 
pound from the Modiolus provitamin D (m.p. 194-195°) was obtained in 
ayield of 40.2 per cent based on the spectroscopic evidence for the amount 
of provitamin initially used. In another experiment the corresponding 
bimolecular compound of 7-dehydrocholesterol was prepared (yield 50.4 
per cent) and showed a melting point (194-195°) very similar to that of 
Modiolus provitamin D, but, when mixed, a depression of the melting 
point was obtained (184—185°), thus ruling out the identity of the Modiolus 
provitamin D with 7-dehydrocholesterol. 


DISCUSSION 


The mixed sterols of Modiolus were found to contain an unusually high 
concentration of provitamin D, which on irradiation yielded a highly effec- 
tive vitamin D preparation. Our biological results and our preliminary 
chemical investigations showed that this provitamin was not identical with 
any of the provitamins which have been described. It is not excluded that 
the provitamin fraction is a mixture; in fact, the variation found in the 
biological efficacy of the vitamin D produced by the irradiation of sterols 
from Modiolus collected at different locations and at different times sug- 
gests this rather strongly. In the accompanying paper (12) it will be 
shown, however, that there is some evidence that a totally new provitamin 
sterol is involved. 

In any event our results differ considerably from those obtained by Win- 
daus and Bock and Wetter, who were able to identify either ergosterol or 








762 PROVITAMIN D OF RIBBED MUSSEL 


7-dehydrocholesterol as the sole provitamin D occurring in those natury| 
sources which they investigated. Our findings also show that the pro. 
vitamin D from M. demissus (Dillwyn) is not identical with the provite. 
min D from MM. edulis. This difference may be due to a different quan. 
titative distribution of the same provitamin D mixture or may be caused 
by the presence of different individual provitamins D. 

The concentration of provitamin D in invertebrates in general and in 
Modiolus specifically is so high that one may raise the question as to the 
function that these compounds perform in the metabolism. In this con. 
nection it may be significant also that we have found very little preformed 
vitamin D in the non-saponifiable fraction of Modiolus. 


We wish to thank T. Parsons, Jr., 8. G. Turnbull, Jr., E. L. Rohdenburg, 
and G. H. Kennedy for assistance in obtaining some of the data presented. 


SUMMARY 


1. The ribbed mussel, Modiolus demissus (Dillwyn), collected from the 
tide-waters of Virginia and North Carolina, has been found to contain 
unusually large amounts of provitamin D. The isolated total sterols from 
this mussel contain 35 to 50 per cent provitamin D measured spectroscop- 
ically. 

2. This provitamin D on irradiation yielded a greater amount of vita- 
min D with a higher chick-rat ratio of efficacy than did the provitamin D 
from a related species, the edible mussel, Mytilus edulis, cultivated in 
Holland. 


3. Preliminary chemical evidence together with the biological data indi- 





cates that the provitamin D from M. demissus (Dillwyn) is different from 
all known provitamins. The variation in biological response of vitamin | 
D prepared from mussels collected at different times and at different local-| 
ities suggests that the provitamin D present in the mussels is not a single | 
compound but a mixture. 
| 
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PROVITAMIN Dn, A NEW PROVITAMIN D FROM MODIOLUS 
DEMISSUS (DILLWYN) 


By H. G. PETERING* ano J. WADDELL 


(From the Biological Laboratory, E. I. du Pont de Nemours and Company, 
New Brunswick, New Jersey) 


(Received for publication, February 7, 1951) 


The ribbed mussel, Modiolus demissus (Dillwyn),! has been described as 
an unusually rich natural source of provitamin D (1). The sterol fraction, 
isolated by conventional procedures from the mussel meat, has been found 
to contain 35 to 50 per cent of provitamin D. Furthermore, this provita- 
min D yields vitamin D of relatively high chick activity after the former 
is irradiated with ultraviolet light. In this report we wish to present data 
on the isolation of a new provitamin D from the ribbed mussel, hereinafter 
called provitamin D,,,? and to compare its chemical and physical proper- 
ties with those of other known D provitamins. 

This work has not culminated in a complete characterization of the com- 
pound but is suggestive of the basis of the differences observed between it 
and other D provitamins. The compound shows very high ultraviolet 
absorption which is qualitatively identical with that exhibited by ergos- 
terol and 7-dehydrocholesterol and their derivatives (2). This fact, cou- 
pled with the ready conversion of the sterol by ultraviolet irradiation to a 
chick-active vitamin D, is taken as proof of the presence of A°7-dienic 
grouping in ring B of a pentanoperhydrophenanthrene nucleus. 

It is recognized that this grouping, though present in all provitamins D, 
is not sufficient for imparting true provitamin D structure (8, 4), and 
therefore an effort has been made to study the physical properties of the 
new provitamin D in relation to other sterols in the hope that significant 
differences could be found. 

In preliminary isolation experiments, the separation of the provitamin 
D fraction by means of chromatographic adsorption of the crude sterol 
| 3,5-dinitrobenzoates and azobenzenecarboxylates was tried. These experi- 
ments indicated that a separation could be effected, but this technique was 
abandoned in favor of the fractional crystallization of the crude sterols 
from isopropanol, which was found to give very clean separations. 

By successive fractional crystallization from isopropanol, provitamin Dj» 

* Present address, The Upjohn Company, Kalamazoo, Michigan. 

1 Also known as Volsella demissus (Dillwyn). 


*Provitamin D, refers to the unidentified provitamin D obtained from the spe- 
cies Modiolus. 
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of constant properties and high purity was obtained from the crude sterols 
of ribbed mussel meat. In the course of this work it was soon found that 
provitamin D,, is unstable in the alcohol form, but that it can be stored 
without appreciable decomposition for long periods of time as the acetate 
or 3,5-dinitrobenzoate. These derivatives therefore were used for analyti- 
cal and physicochemical studies. 

Some of the physical constants of provitamin D,, and its esters are given 
in Table I, in which these are compared with the constants of the known 
naturally occurring provitamins D, and the distinguishing features of the 
former are shown. A number of samples of pure provitamin D,, having 
identical properties were obtained by the procedures reported here from 
mussels collected over a period of several years and obtained from several 
different localities on the Atlantic coast. The properties of these were al- 
ways compared with a self-consistent series of the provitamin D,, and its 
esters obtained by converting the alcohol to the dinitrobenzoate, recovering 
the original alcohol by saponification, and converting it to the acetate. 
This fact leads to the conclusion that provitamin D, is, in all probability, a 
single compound characteristic of Modiolus demissus and not a transient 
substance due to the food supplies available to the mussels. 

Provitamin D,,, when treated with digitonin, gives a precipitate, indi- 
cating that the 3-hydroxyl group has the same steric configuration as that 
in cholesterol. 

The ultraviolet absorption spectra of provitamin D,, dinitrobenzoate and 
provitamin D,, acetate are qualitatively similar to those obtained under 
the same experimental conditions for 7-dehydrocholestery! dinitrobenzoate 
and 7-dehydrocholesteryl acetate. The data obtained from the absorption 
spectra of the derivatives of provitamin D,, can be used to calculate the 
molecular weight of the sterol when these are compared with the known 
values for the similar derivatives of 7-dehydrocholesterol or of ergosterol. 
Such a calculation, with data obtained in our laboratory for 7-dehydro- 
cholesteryl acetate, leads to a molecular weight of 443 for the acetate of 
provitamin D,,, or 401 for the free sterol. Likewise, a similar calculation 
with the extinction values published by Huber et al. (2) for 7-dehydrocholes 
teryl 3 ,5-dinitrobenzoate leads to a molecular weight of provitamin D; 
dinitrobenzoate of 614, or 420 for the free sterol. 

Molecular weight calculations based on the saponification values of the 
dinitrobenzoate esters of provitamin D,, 7-dehydrocholesterol, vitamin 
D3, and vitamin Dz lead to a molecular weight of the provitamin D,, dini- 
trobenzoate of 605, or a molecular weight of 411 for the free provitamin D, 

These determinations of the molecular weight of provitamin D,, and it 
derivatives are the only ones which are available, since attempts to obtail 
estimates by the Rast method failed, even though several solvents wert 
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tried, because of the great insolubility of the sterol derivatives, and the 
apparent decomposition of some of the esters used. The estimates ob- 
tained by the above methods agree well with the elementary analyses of 
both the acetate and dinitrobenzoate and lead to the assumption that pro. 
vitamin Dy is a Cog sterol. 

The yield of provitamin Dy, by the isolation procedure used, was not 
quantitative, and no claim is made that it is the only provitamin D o&.- 
curring in mussel sterols. 


EXPERIMENTAL 


Isolation of Provitamin D»—100 gm. of crude sterols containing an esti- 
mated 38 per cent of provitamin D, which had been obtained from the 
non-saponifiable fraction of the lipides of M. demissus (Dillwyn), were used 
as the starting product. The melting range of this material was 122-130° 
This material was dissolved in 750 ml. of boiling isopropanol, filtered hot, 
and allowed to crystallize for 24 hours at 5°. The crystal crop which had 
formed, which amounted to 68 gm., was removed by filtration, washed 
with a small amount of cold isopropanol, and air-dried. 

Spectroscopic examination of the crystals showed that they contained 
about 55 per cent of provitamin when compared with ergosterol. This 
represented an increase of 45 per cent in the provitamin content of the 
sterols. The recovery of provitamin was 98.5 per cent. The total crop 
was then recrystallized from isopropanol, with 6.2 parts of boiling solvent 
to 1 gm. of sterol mixture. Crystallization was allowed to proceed at 5 
for 24 hours as before. 

The second crystal fraction amounted to 53 gm. and had a provitamin 
content of 62 per cent. The recovery of provitamin in this step was 88 per 
cent. Four successive recrystallization steps, with a portion of or the er- 
tire crystal fraction previously obtained, were then carried out at room 
temperature. In these steps a ratio of about 6 volumes of isopropanol to 
1 gm. of sterol crystals was used. This procedure led to Fraction A-VI 
which amounted to 11 gm. and was estimated spectroscopically in compar 
son with ergosterol to contain 90 per cent provitamin D. 

5 gm. of Fraction A-VI were then recrystallized from 40 ml. of boiling 
isopropanol at room temperature. The yield of Fraction A-VII was 34 
gm. It had a melting range of 124-126° and [olgiex a = —130° (2 pel 
cent in chloroform). Additional recrystallization attempts did not chang: 
these constants, and the pure provitamin D,, which resulted was found tt 
have the specific rotation [a]?> = —108° (2 per cent in chloroform). 

Carrying out the above procedure with several different crude ster 
preparations resulted in each instance in a product, after six or seven steps 
which was either pure provitamin D,,, showing the above constants, 0 
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was more than 90 per cent pure and thus could be easily brought to the 
purity described by the constants mentioned above. In every case the 
products considered to be pure could be converted into identical deriva- 
tives of the provitamin Dj. 

In connection with the description of the methods of obtaining the pure 
provitamin D,, it should be mentioned that sterols rich in the provitamin, 
which were obtained after several successive fractional crystallizations from 
isopropanol, could be converted to the dinitrobenzoates and the mixed 
sterol esters could be separated by fractional crystallization from benzene 
By using this technique, provitamin D,, dinitrobenzoate of highest purity 
could be obtained, which yielded provitamin D,, of purity represented by 
the above constants after the ester had been carefully saponified. 

Preparation of Provitamin D,, Acetate—1.27 gm. of pure provitamin D,, 
described above, having a melting range of 124-126° and [a]? = —108° 
(2 per cent in chloroform), were dissolved in 10 ml. of dry pyridine and 0.60 
ml. of acetic anhydride was added. The mixture was allowed to stand at 
room temperature for 20 hours, after which it was poured onto crushed ice 
and the resulting mixture thereafter extracted with ether. The ethereal 
solution was then washed free of pyridine and acetic acid and finally dried 
over sodium sulfate. The dry solution was concentrated in vacuo under 
nitrogen to 8 ml. and then 15 ml. of acetone were added. ‘The crystals of 
acetate were allowed to form at 5° for 2 hours, after which the crop was 
removed. A second crop was obtained by concentrating the mother liquor 
to 15 ml. and again crystallizing at 5°. Crop A had a melting range of 
134-136° and Crop B of 116-118°. 

Recrystallization of Crop A from ether-acetone (1:2) yielded 0.234 gm. 
of acetate having a melting range of 136-138° and [algis: 4 = —96° (2.3 
per cent in CHCl;). Crop B and the mother liquor from the recrystalliza- 
tion of Crop A were worked up to give 0.276 gm. of acetate with identical 
constants. Other preparations of provitamin D, acetate were obtained. 
The physical constants above were found for these preparations, and at- 
tempts to change the constants by other methods of purification were not 
successful. These constants are therefore taken as representative of pro- 
vitamin D,, acetate of highest purity. Analysis of acetate C 81.69, 81.65 
per cent; H 10.95, 10.98 per cent. 

Preparation of Provitamin D » 3 ,5-Dinitrobenzoate—4.2 gm. of provita- 
min D,, were dissolved in 50 ml. of dry benzene, and the solution was dis- 
tilled to half volume to remove any alcohol which may have been in the 
sterol sample. To this solution were added 18 ml. of dry pyridine and 30 
ml. of a benzene solution containing 8 gm. of 3,5-dinitrobenzoyl chloride. 
The mixture was warmed to about 50° and shaken intermittently for about 
an hour, after which it was poured onto crushed ice. Additional benzene 


XUM 








770 PROVITAMIN D FROM M. DEMISSUS 


was added to the mixture and the benzene layer was finally removed. Ex- 
cess of pyridine and acid chloride in the benzene layer was removed with 
dilute acetic acid and sodium bicarbonate solution. ‘The benzene layer, 
having a volume of 125 ml., was concentrated to 30 ml. im vacuo under 
nitrogen. 50 ml. of methanol were added and the solution was allowed to 
crystallize at 5°. 4.4 gm. of deeply colored orange needle-like crystals 
were obtained, having a melting range of 184-187° and [al§is: 4 = —39° 
(1.8 per cent in CHCl,). 

Recrystallization of all of this preparation from 30 ml. of benzene and 50 
ml. of methanol at 5° gave 3.5 gm. of long orange needles which bunched 
together. The melting range was 187-189°. One more recrystallization 
from benzene alone gave a compound which showed no change on further 
attempts to purify it. The melting point of highest purity provitamin 
Dyn 3,5-dinitrobenzoate was 189-190° and [alsse1 4 = —53° (1.8 per cent 
in CHCl). 

In order further to prove the homogeneity and purity of the dinitroben- 
zoate and relate its constants to those of the free sterol and its acetate, 3.2 
gm. of the dinitrobenzoate mentioned above were saponified with 25 ml. of 
5 per cent KOH in methanol in the presence of 10 ml. of benzene. ‘The 
mixture was warmed under nitrogen for 10 minutes, cooled, and then an 
excess of hexane was added. Alkali and potassium 3,5-dinitrobenzoate 
were removed from the mixture by washing the benzene-hexane layer with 
water. The sterol solution was dried over anhydrous sodium sulfate, and 
then concentrated to 30 ml. in vacuo under nitrogen. 25 ml. of isopropanol 
were then added and the solution concentrated to remove hexane and ben- 
zene. The final isopropanol solution (25 ml.) was allowed to crystallize 
at room temperature. 0.50 gm. of Crop A crystals was obtained. The 
mother liquor was worked up to give 0.52 gm. of Crop B crystals and a 
smaller amount of Crop C crystals. These crops of provitamin D,, had 
the following constants: Crop A, m.p., 125-126.5°; Crop B, m.p., 125- 
126°; and Crop C, 125-126°; [alse1 4 Was 125.5-133° (1.4 per cent in CHCl, 
in every case. 

Crops A and B of the provitamin described above, obtained from the 
saponification of provitamin D,, dinitrobenzoate, were combined and acet- 
ylated to give 0.60 gm. of provitamin D,, acetate, having a melting point 
of 137-138°. Reerystallization of this compound from ethanol gave 4 
product having a melting point of 137.5-138.5° and [o}§i61 a of —96° (14 
per cent in CHCl;). These constants are in excellent agreement with 
those described for the acetate prepared directly from high purity provite- 
min Dn. 

Analysis of provitamin D,, 3 ,5-dinitrobenzoate, C 71.29, 71.65 per cent 
H 8.33, 8.23 per cent; N 5.03, 5.16 per cent. 
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The above experimental data and the fact that the three crops of sterol 
obtained from the saponification of provitamin D,, dinitrobenzoate con- 
stituted about 80 per cent of the provitamin in the ester substantiate the 
assumption that provitamin D,, described here is a single compound and 
probably not a mixture of sterols. 

Preparation of Digitonide of Provitamin Dnx—The digitonides of both 
provitamin D,, and 7-dehydrocholesterol were prepared in the following 
manner. 0.200 gm. of 7-dehydrocholesterol acetate (of highest purity) was 
dissolved in peroxide-free ether and saponified with 10 ml. of 5 per cent 
KOH in methanol. After the saponification was considered to be com- 
plete, the sterol was obtained in ether, free of alkali. The ether solution of 
7-dehydrocholesterol was diluted with ethanol and the ether removed by 
distillation. Then 1.28 gm. of digitonin in 148 ml. of 86 per cent ethanol 
were added to the ethanol solution of sterol, and the mixture was allowed 
to stand for 2 hours. The precipitate of digitonide was removed, washed 
with 90 per cent ethanol, and finally dried and weighed quantitatively. 
The weight was 0.733 gm., which is 97 per cent of the theoretical amount; 
namely, 0.756 gm. 

In a similar manner, with identical amounts of reagents and similar 
technique, 0.200 gm. of provitamin D,, acetate was saponified and the 
digitonide of the sterol was prepared. The weight of the product obtained 
was 0.721 gm. These results indicate that provitamin D,, probably is 
completely precipitated by digitonin, but that, having a larger molecular 
weight than 7-dehydrocholesterol, it yields a smaller amount of digitonide 
on an equal weight basis. 

Saponification Number of Provitamin D,, 3 ,5-Dinitrobenzoate—Difficulty 
was encountered in attempting to use micromethods of determining sapon- 
ification values, and therefore the following macromethod was devised, 
which was found to be very useful in the saponification of such labile com- 
pounds as calciferyl 3 ,5-dinitrobenzoate and vitamin D3; 3 ,5-dinitrobenzo- 
ate. 

A sample of the ester weighing between 0.500 and 1.000 gm. was dis- 
solved in about 20 ml. of benzene. To this solution were added 5.00 ml. 
of a standard solution of potassium hydroxide in methanol (about 5 per 
cent) and the reaction was allowed to go to completion at 50° with constant 
shaking. This took about 30 minutes, and could be determined by the 
disappearance of the yellow ester and formation of purple insoluble potas- 
sium-3 ,5-dinitrobenzoate. During the initial phase of the saponification 
of 3 ,5-dinitrobenzoates, a red color was formed which disappeared when 
the potassium salt began to form. On cooling the mixture, water was 
added to the flask and the excess alkali was titrated with standard hydro- 
chloric acid to the phenolphthalein end-point. Blank samples contained 
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only potassium hydroxide, since it was found that the end-point was not 
affected by the presence of the potassium 3 ,5-dinitrobenzoate. 

The validity of the method was checked against samples of 7-dehydro- 
cholesteryl 3 ,5-dinitrobenzoate, vitamin D; 3,5-dinitrobenzoate, and cal- 
ciferyl 3,5-dinitrobenzoate. In this series all the values were high and 
within 1 to 3 per cent of theory. Therefore, it has been assumed that a 


TABLE II 
Saponification Number of Sterol 3,5-Dinitrobenzoates* 





Found 











Dinitrobenzoate saponified Theory | 

oe ae | 
I NHMENINEROED BEND fo iso) 2 p32 aso dy Om ceselee eee 96.8 | 97.8 
7-Dehydrocholesterol...................200. 96.8 | 99.5 
ROMMMINEN De eas bas, Chascgtany aixa eRe re 94.6 | 95.8 
EPOWAT AMIN UD iy fis cs eis de cw cbcaeeke sedate. | 94.1 





* The saponification number is expressed as mg. of KOH per gm. of sample. 


























Tas_e III 
Extinction Values of Ultraviolet Absorption Maxima 
Compound A | Compound B 
, ‘ a a Compound A 
if 7-Dehydrochol | P Dm ————— 
nea Sen yo wn acscereag de meniate Compound B 
= i 
sores 5 3 
2740 21.8 20.8 1.05 
2850 21.2 20.0 1.06 
2960 13.3 12.6 1.06 
aca aaal Provitamin Dm acetate 
2710 25.9 | 24.9 1.04 
2820 27.1 | 26.1 1.04 
2930 15.3 | 14.7 1.04 





direct comparison of the saponification numbers of the control esters with 
the value obtained with provitamin D,, 3,5-dinitrobenzoate would give a 
highly reliable estimate of the molecular weight of provitamin D,,. 

The results given in Table II show that the probable theoretical sapon- 
ification value of provitamin D,, 3,5-dinitrobenzoate in comparison with 
the known compounds mentioned above is 92.6, which represents a molecu- 
lar weight of 605. Further calculations thereupon give a molecular weight 
for provitamin D,, of 411. 

Ultraviolet Absorption Spectra—For the determination of the absorption 
spectra a Beckman spectrophotometer and spectroscopically pure solvents 
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were used. The concentration of solute was between 30.0 and 40.0 mg. per 
liter. Provitamin D,, 3,5-dinitrobenzoate and 7-dehydrocholesteryl 3 ,5- 
dinitrobenzoate are very insoluble in most useful solvents, and therefore 
chloroform was used. In the case of provitamin D,, acetate a mixed sol- 
vent was employed. The sample of acetate was dissolved in 10.00 ml. of 
chloroform, which was then diluted 1:100 with 95 per cent ethanol. This 
procedure was deemed necessary to insure complete solution of the acetate 
inalcohol. A similar procedure was used for 7-dehydrocholestery] acetate. 
All preparations were carefully dried at 50° in vacuo and under nitrogen. 

Both esters of provitamin D,, show the same qualitative spectra of sim- 
ilar esters of 7-dehydrocholesterol, but quantitatively the extinction values 
of the former are lower by an amount which corresponds to the differences 
in the molecular weight of the esters of the two sterols. The extinction 
values observed for the characteristic maxima are given in Table III. The 
data for 7-dehydrocholesteryl 3 ,5-dinitrobenzoate are taken from Huber 
et al. (2). All other data were obtained in this laboratory. 

With the ratios obtained above and the molecular weight of the esters of 
7-dehydrocholesterol, it can be calculated that the molecular weight of 
provitamin D,, 3 ,5-dinitrobenzoate is about 614 and that of the acetate is 
about 443. These values allow the further calculations that the free pro- 
vitamin D,, should have a molecular weight of about 420 as determined 
from the dinitrobenzoate data, or about 401 as determined from the acetate 
data. The average value of 410 for provitamin D,, is in good agreement 
with the value of 411 estimated from the saponification number. 


We wish to thank Dr. T. Parsons, Jr., and Mr. A. Bratcher for aid in 
obtaining certain physical data included in this report. 


SUMMARY 


A new provitamin D, provisionally called provitamin Dy, distinct from 
any sterol thus far reported in the literature, has been isolated from the 
crude sterols obtained from the ribbed mussel, Modiolus demissus (Dill- 
wyn). It has been characterized by its physical and chemical properties 
as well as by similar data obtained for derivatives. The data are consistent 
and lead to the estimation that the molecular weight of the provitamin is 
about 410, which indicates that it is a Cog sterol. 
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UTILIZATION OF ACETOACETIC ACID IN CHOLESTEROL 
SYNTHESIS BY SURVIVING RAT LIVER* 


By GEORGE L. CURRANT 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, November 27, 1950) 


During the course of feeding experiments with pL-phenylalanine, labeled 
in the ring with deuterium, it was found that the liver and carcass choles- 
terol of the rats contained deuterium. Further, liver slice studies with 
ring-labeled phenylalanine showed that the deuterium content of the cho- 
lesterol was not proportionately lowered by the presence of large excesses 
of non-isotopic acetate.! It has been established by liver perfusion ex- 
periments (1) and the liver slice technique (2) that phenylalanine can give 
rise to acetoacetic acid. Recently Schepartz and Gurin have shown by 
means of radiocarbon that the methyl and carbonyl carbons of this ace- 
toacetate are derived from the carbon atoms of the benzene ring of 
phenylalanine (3). 

It seemed likely therefore that acetoacetic acid was a precursor in the 
biological synthesis of cholesterol. To study this problem, radiocarbon- 
labeled acetoacetic acid was synthesized and its conversion to cholesterol 
studied by means of surviving rat liver. 


EXPERIMENTAL 


Preparation of 1-C'-Sodium Acetate—Methylmagnesium bromide was 
carbonated with C“QO.. 

Preparation of 1-C'*-Acetyl Chloride—1-C'*-Acetyl chloride was prepared 
by an exchange reaction between non-isotopic acetyl chloride and 1-C™- 
sodium acetate. 0.328 gm. (0.004 m) of anhydrous 1-C'*-sodium acetate, 
containing about 0.4 me. of radioactive carbon, was gently refluxed for 2 
hours with 3.5 gm. (0.045 m) of freshly distilled acetyl chloride in an all- 
glass apparatus with moisture excluded by a CaCl, tube. 2.0 gm. (0.026 
M) of 1-C'*-acetyl chloride boiling at 51-52° (760 mm. of Hg) were dis- 
tilled. A second fraction distilling at 125-140° (760 mm. of Hg) weighed 


* This work was supported in part by a grant from the American Cancer Society 
on the recommendation of the Committee on Growth of the National Research 
Council. 

+t National Research Council Fellow in the Medical Sciences (1948-50). Present 
address, Research Laboratories, The Mary Imogene Bassett Hospital, Cooperstown, 
New York. 

‘Curran, G. L., unpublished observations. 
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0.81 gm. and presumably consisted of acetic anhydride admixed with 


small amount of acetyl chloride. sa 

Preparation of Ethyl 3-C'*-Acetoacetate-—Ethy] 2-acetyl (1-C™) aceto- ca 
acetate was prepared by the method of Michael and Carlson (4) from 2 M 
gm. (0.026 m) of 1-C'*-acetyl chloride and 4.0 gm. (0.03 m) of the sodium Slice 
enolate of ethyl acetoacetate and was hydrolyzed .in the usual manner heen 


(5). The carbonyl C-labeled ethyl acetoacetate was extracted from the 
hydrolysis mixture with ether. The ethereal solution was washed with 
distilled water until neutral to litmus paper. The ether was evaporated d 
by a stream of dry air. To the residue were added 100 cc. of a saturated 
and filtered solution of copper acetate and the pH of the solution was ad- 
justed to 6.5 with dilute ammonium hydroxide. The flask was shaken _ 
several times and then allowed to stand for 0.5 hour. The light green — 
copper enolate of ethyl acetoacetate was filtered off and washed repeatedly 
with distilled water before drying over CaCl. Yield, 2.58 gm.; m.p. 195°. 
This is a 62 per cent yield based on the acetyl chloride. The activity of P 
the copper enolate was determined in the form of barium carbonate. It t 
was calculated that an infinitely thick layer of the carbonyl carbon would t 
give 2.59 X 10° ¢.p.m. per standard dish (6). 

0.5 gm. (0.0016 m) of the cupric enol acetoacetic ester was placed in a 
separatory funnel with 10 cc. of 25 per cent H.SO, and 20 ce. of ether. 
The funnel was shaken until all the solid went into solution. The ethereal 
solution was removed, and the aqueous residue reextracted with another 
portion of ether. The ethereal solutions were combined, washed three 
times with a saturated Na.SO, solution, and dried over anhydrous NaS. 
The ether was removed by distillation, and the ester was then distilled 
from a Wood’s metal bath. Yield of ester boiling at 180° (760 mm. of 
Hg), 0.255 gm. 


CeHi003. Calculated, C 55.4, H 7.7; found, C 55.4, H 7.8 





Preparation of 3-C''-Sodium Acetoacetate—To the pure ethyl 3-C'-aceto- Pe 
acetate described above was added the theoretical amount of 1 N NaOH. | ¢¢ a 
The mixture was held at 0-4° for 24 hours, and solid sodium acetoacetate ] gis oJ 


was isolated by lyophilization. . 

To determine whether 1-C'*-sodium acetate was also formed during the }| et 
saponification of the ethyl ester of 3-C™-acetoacetic acid, sodium 3-C%- | ©™P 
acetoacetate was prepared from two portions of the distilled ester. In | cent 
Experiment 1, Table I, one portion of sodium acetoacetate was dissolved 3.2 ¢ 
in 10 cc. of water and decarboxylated with aniline-citrate reagent (7). and 
In Experiment 2, Table I, the sodium acetoacetate was decarboxylated of K 


ther 
2 This procedure is based on a general method for preparing 6-labeled derivatives part 
of acetoacetic ester developed by Meltzer and Sprinson (unpublished results). lives 
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with 25 per cent H.SO,. 100 mg. of carrier sodium acetate were added 
in each instance, and the acetic acid collected by distillation. Silver ace- 
tate was prepared from the distillate in the usual manner and counted. 
Measurement of Rate of Ethyl Acetoacetate Hydrolysis by Rat Liver 
Slices—To determine the rate of hydrolysis, a manometric procedure, 
based on the liberation of carbon dioxide from bicarbonate by the aceto- 


TaBLeE [| 


Activity of Sodium 1-C'4-Acetate Formed during Saponification of 30 and 20 
Mg. Respectively of Pure Ethyl 3-C'4-Acetoacetate 

















F ee eee f starti 
‘ Silver acetate, Total activity in Total activity in | Percent of starting 
Experiment No.* c.p.m. and s.d. silver acetatet ethyl acetoacetatet cu priory ™ 
1 49 + 1.6 2.62 X 10? 8.8 X 103 3.0 
2 24+ 1.5 1.28 X 10? 5.9 X 103 2.2 











* See the text. 
+ Expressed as counts per minute per infinite layer of carboxyl carbon. 
t Expressed as counts per minute per infinite layer of carbonyl carbon. 


105 








— 
Uv 


A 
oO 
8 
90+ 

75, 
60} 


45+ 








MILLILITERS OF COp 


30; 
i i 


io 20 30 40 £50 65 

TIME IN MINUTES 

Fic. 1. Hydrolysis of ethyl acetoacetate by rat liver slices. Curves A and B, 
rates of hydrolysis of 0.6 mg. of ethyl acetoacetate by 106 and 99 mg. (wet weight) 


of rat liver slices respectively; Curve C, ml. of CO2 produced by 100 per cent hydroly- 
sis of 0.6 mg. of ethyl acetoacetate. 





acetic acid formed from enzymatic hydrolysis of ethyl acetoacetate, was 
employed. The experiment was carried out in Warburg flasks in a 5 per 
cent CO.-95 per cent Nz atmosphere at pH 7.4 and with a final volume of 
3.2 cc. The main compartments of the two respiring flasks contained 106 
and 99 mg. (wet weight) of rat liver slices, respectively, plus 3 ce. 
of Krebs-Ringer bicarbonate buffer each (8), the main compartment of the 
thermobarometer flask contained 3 cc. of the buffer, and the main com- 
partment of the tissue control flask contained 91 mg. (wet weight) of rat 
liver slices and 3 cc. of buffer. The side arms contained 0.2 cc. of a 0.3 
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per cent aqueous solution of ethyl acetoacetate and the control tube 02 
ec. of buffer. 5 per cent CO2-95 per cent Ne was passed through the ves. 
sels for 5 minutes, the stop-cocks were closed, and temperature equilibrium 


TaBLeE II 
Metabolism of Carbonyl-Labeled C\4-Acetoacetic Acid by Surviving Rat Liver 



































Zach pot contained 15 mg. of labeled ethyl acetoacetate and 3 gm. of liver slices, 
| Addition | | | | 
Se ee See a ines bia | Acetoace- ee ——— 
E - : euterium oles- | BacCo. tate ilver beri 
a Resi) gran | trol | ator | ach jactate| th 
ompound aceto- | Gar Bor acetate 
ace carbon 
tate | 
af c.p.m.* c.p.m.t per centt | c.p.m.§ | per cenill 
la 0.038 | 115 | 2340 | 6.3 | 8,700, 2.4 
1b Sodium acetate 1 | 0.056 55 1593 4.4 |14,362) 4.4 
lc rn “ 2 0.041 80 1396 3.8 {14,850} 5.2 
ld ‘s 3 0.048 55 1325 3.6 (14,773) 5.7 
2a | 0.054 | 358 | 
2b | Sodium acetate | 2 | 0.054 | 189 | | | 
3a | | + (O50 911 | 4779 | 9.5 
3b | Acetone | 1 | 0.102 | 782 | 4695 | 11.0 
Be | | 1 | 0.078 | 896 | 4512 | 11.0 








* Corrected to standard rate of cholesterol synthesis by means of determination 
of atom per cent deuterium incorporated into the cholesterol from D,.O in the buffer. 
In Experiment 1, the rate of cholesterol synthesis in Experiment 1d was taken as 
the standard. In Experiment 3, the rate in Experiment 3a was used as a standard. 
For example, in Experiment la the count per minute of the cholesterol carbon was 
91. This value was multiplied by 0.048/0.038 to make it comparable to Experiment 
1d. 

t Uncorrected for dilution by non-isotopic NaHCO; present in buffer. 





. BaCO 
¢ C.p.m. BaCO; X ——~ mg. Ba ie: 
mg. C necessary for infinite layer 





mg. ethyl aceto- 


: 197 _ 144 acetate added 
C.p.m. BaCO; from cupric enol acetoacetate X — cinco 


130 ~~ 24 mg. C necessary for 
infinite layer 


§ Corrected for carrier sodium acetate added at the end of the experiment. 


| cC 4 bai we 167 x mg. sodium acetate added 
.p.m. silver acetate X — 
E 136 mg. C necessary for infinite layer 








mg. ethyl acetoace- 

C BaCOs f é 1 ‘ eke 8 197 x 144 tate added 
-p.m, av rom cupric enol acetoacetate —- — Seeeamte - mi 
P : ' 130 24 mg. C necessary for 
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> 0.2 }.37°) was established. The contents of the side arms were added, and 

Ves- Jegdings taken at intervals for 65 minutes. The hydrolysis to sodium 
rluUM FP etoacetate was 95 per cent complete in 20 minutes and 100 per cent in 
3)minutes. No further hydrolysis occurred (Fig. 1). 

Liver Tissue Slice Technique—To 3 gm. portions of liver slices from 
young rats in Krebs-Ringer bicarbonate buffer (9), 3 cc. of 99.8 per cent 
— }),0, 27 mg. of NaCl, test substances in 1 cc. of isotonic saline, and suf- 
jcient buffer were added to bring the final volume to 30 cc. The mixtures 
te Fyere incubated for 4 hours at 37° in a 5 per cent CO,-95 per cent Or 
liver} tmosphere. 
bon Isolation Procedures—Upon completion of the incubation period carbon 

_— }lioxide was swept out with CO,-free nitrogen gas into saturated barium 
cen! | hydroxide solution. The barium carbonate so collected was washed three 
4 times with distilled water and once with methanol. 

4 The buffer solution was filtered from the slices. To this solution were 

3 added 20 ce. of concentrated H.SO, to transform any remaining aceto- 
acetic acid to acetone. Then 150 ce. of water and varying amounts of 
arrier non-isotopic sodium acetate, depending on the amount added be- 
fore incubation, were added. Acetic acid was distilled out, freed of 
chloride by addition of silver sulfate, converted to silver acetate, and its 
activity measured (Table II). 
ation | Cholesterol was isolated as the digitonide from the liver slices (9). 
afer, | Jsotope Analyses—C* activity was measured with a thin window Geiger- 
on as | Miller counter on the silver acetate from the saponification experiments, 
dard. Jand with a gas flow type counter on the silver acetate, barium carbonate, 
‘was land cholesterol from the other experiments. The counting vessels were 
ment | intered steel dishes of 2.0 sq. cm. area. Where necessary, correction to 
infinite thickness was made from known data (10). Sufficient counts were 
taken to give a standard deviation of less than 5 per cent. Deuterium 
analyses were carried out by a micromethod.® 


io DISCUSSION 


It was essential in these experiments, in which the utilization of aceto- 
acetic acid was to be compared to that of acetic acid, that the carbonyl- 
beled C'4-acetoacetic acid be free from contamination with labeled acetic 
aid or its esters. The synthesis employed gains this objective inasmuch 
as the insoluble cupric enol acetoacetate can be freed of any contaminating 
beled copper acetate by repeated washings with water. 


vace- | Preliminary experiments with sodium acetoacetate prepared from the 
_ [ester in the usual manner (11) showed rates of conversion to cholesterol 
y for |comparable to those obtained by Bloch et al. with acetate (9). It became 


*Rittenberg, D., unpublished. 
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necessary then to ascertain whether any 1-C'-sodium acetate had bea 
formed during the saponification of the ethyl acetoacetate and thus added 
to the liver slices with the sodium acetoacetate. Table I gives the resuly 
of the experiments employed to clarify this point. It will be seen th 
2 to 3 per cent of the activity of the carbonyl-labeled ethyl acetoacetat: 
ester was present as sodium acetate after the saponification. Thus ever 
mm of radiocarbon-labeled sodium acetoacetate produced by the saponi- 
fication of its ethyl ester contained roughly 5 mg. (0.06 mm) of radioactiy: 
sodium acetate. This degree of contamination was too great for th 
present experiments. 

It was then found, as might be expected from their known esterase ae. 
tivity, that liver slices rapidly hydrolyze ethyl acetoacetate. In all the 
following liver slice experiments, acetoacetic acid was added as the pur 
distilled ethyl ester. The advantages of this method are obvious. Th 
one objection, that of the diluting effect of the non-isotopic acetate fur. 
nished by oxidation of the ethyl alcohol in the ester, was not a serious on 
for these experiments. 

Table II contains the results of liver slice experiments in which the 
ethyl ester of carbonyl-labeled C'-acetoacetic acid was employed as the 
test substance. It will be seen that the cholesterol contained C™ activity 
in all experiments. Addition of normal sodium acetate lowered the 2. 
tivity of the formed cholesterol. However, the maximum lowerin 
achieved with 3 M equivalents of sodium acetate was only 50 per cent. 
If the pathway of acetoacetate to cholesterol involved the intermediate 
formation of acetate, this effect should be far greater. Thus, in the util: 
zation of labeled acetone for cholesterol synthesis, the addition of 1 ¥ 
equivalent of unlabeled acetate reduces the isotope concentration in th 
cholesterol by a factor of 7 (12). It would seem then that the utilizatio 
of acetoacetate for cholesterol synthesis does not require as an obligatory 
step its conversion to acetate. It is of course possible that the path from 
acetoacetate to cholesterol may in large part be identical with that 0 
acetate. 

From the activity found in the silver acetate it is clear that some of tl 
acetoacetic acid undergoes cleavage to acetic acid (see Table IT). It ca 
be calculated in Experiment la from the ratio of the activity in the silve 


4 The incorporation of C into the cholesterol varied from experiment to experi 
ment. In Experiment 1 (Table II) the liver slices were prepared from 20 to 40 gm 
rats; in Experiment 2 from 60 to 80 gm. rats; and in Experiment 3 from 80 to 100 gm 
rats. In all cases the rats were fasted for 24 hours before sacrificing. If any of th 
intermediates of the Krebs cycle is necessary for the conversion of acetoacetate t 
cholesterol, it would seem that a 24 hour fast would be apt to remove more of this 
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aetate expressed as counts per minute per infinite layer of carboxyl car- 
hon to the activity in the ethyl acetoacetate expressed as counts per min- 
ute per infinite layer of carbonyl carbon that a minimum of 2.4 per cent 
of the acetoacetic acid was split to acetic acid during the experiment. In 
the experiments with added acetate this ratio rose to a calculated maxi- 
mum of 5.7 per cent with 3 m equivalents of acetate present. This in- 
ceased ratio may reflect the protection from oxidation afforded the 
radioactive acetate by dilution with large amounts of non-isotopic acetate. 
Buchanan ed al. (13) have stated that acetoacetate is not cleaved to a 
measurable extent into 2-carbon fragments which recondense in random 
ishion into acetoacetate again. Under these experimental conditions no 
termination of acetoacetic acid formed during the incubation was made, 
jut it is clear that acetoacetic acid was cleaved to acetate to a small but 
measurable extent by either the rat liver slices or by the incubation in 
buffer at pH 7.4 for 4 hours. 

From the activity of the BaCO; expressed as counts per minute per infi- 
tite layer of active carbon, it can be calculated that at least 6 to 11 per 
wnt of the acetoacetic acid was oxidized to CO, in Experiments 1a and 3a. 
4s would be expected from the results with silver acetate, the presence of 
sodium acetate in the washing experiments decreased the activity of the 
BaCO; in Experiments 1b, 1c, 1d. 

Price and Rittenberg (14) have demonstrated the extensive conversion 
of acetone to a 2-carbon compound, presumably acetate. The formation 
if labeled acetate from carbonyl-labeled acetoacetate might thus first 
involve a ketonic cleavage of the acetoacetate to acetone. That this is 
not the case is shown by the lack of lowering by acetone of the radioac- 
tivity in the BaCO; and cholesterol in Experiments 3b and c. These re- 
wlts indicate that conversion to acetone is not a major pathway by 
which acetoacetate is oxidized or converted to cholesterol. 


SUMMARY 


1. An exchange reaction for the preparation of 1-C'-acetyl chloride 
fom 1-C'-sodium acetate has been described. 

2. The preparation of ethyl 3-C'-acetoacetate free from contamination 
with other C“ compounds has been described. 

3. The ethyl 3-C'-acetoacetate was incubated with surviving rat liver 
‘ices, and the radioactivity of the isolated cholesterol, CO:, and acetic 
acid measured. 

4. It has been demonstrated that acetoacetie acid is converted to cho- 





cetate t 


re of this 


ksterol, and that this conversion does not involve either acetic acid or 
acetone as intermediates. 
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I am indebted to Dr. D. Rittenberg for his suggestion of the exchang 
reaction for the preparation of labeled acetyl chloride as well as his kinj EF 
interest throughout the work, to Miss L. Ponticorvo for technical assis. 
ance, and to Mr. I. Sucher for the deuterium analyses. 
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EFFECT OF SOME NITROPHENOLS ON THE RESPIRATION 
OF MYROTHECIUM VERRUCARIA SPORES* 


By HAROLD G. SHIRK anp HOPE E. BYRNE 


(From the Prevention of Deterioration Center, National Research Council, Washington, 
D. C., and the Department of Bacteriology, University of Maryland, 
College Park, Maryland) 


(Received for publication, January 15, 1951) 


The evidences as presented by Plantefol (1), Field, Martin, and Field 
(2,3), Krahl and Clowes (4), Shoup and Kimler (5), Bodine and Boell (6), 
Tyler (7), Peiss and Field (8), and Newcomb (9), including the reviews by 
von Oettinger (10) and Clifton (11), indicate both the well established 
stimulatory effect, especially induced by low concentrations, as well as the 
lesser emphasized depressant effect nitrophenols may have on tissue res- 
piration. The influence of alkyl-, cycloalkyl-, and aryldinitrophenols, in- 
cluding in particular their relative effectiveness, on respiration appears not 
to have been investigated for fungus spores. Data are presented to show 
that certain of the substituted dinitrophenols (DNP) have a potent inhibi- 
tory effect on the oxidative mechanism of Myrothecium verrucaria (USDA 
1334.2, Metarrhizium glutinosum), an organism introduced as a mildew- 
resistant test organism for fabrics by Greathouse, Klemme, and Barker (12). 


EXPERIMENTAL 


In all cases a weighed amount of the compound, previously confirmed 
by melting point determination, was dissolved in methyl cellosolve! and 
the solution made up to the desired volume with buffered nutrient solution 
(pH 6.5) composed of sucrose 5.0 gm., NH4NO; 3.0 gm., KH2PO, 2.59 
gm., KesHPO, 2.21 gm., MgSO,-7H.O 0.75 gm., and distilled water to 
make 1 liter. 

Spore suspensions were prepared from 4 day-old cultures of the fungus 
incubated at 30° and grown in Petri dishes containing an agar-mineral 
salts medium overlaid with a circle of Whatman No. 5 filter paper, the 
salt and carbohydrate portion of the medium having the same composition 
as that used for preparing spore suspensions. Spores were harvested by 
washing the surface of the culture with nutrient solution and by using a 
glass rod to free the spores. This suspension was then filtered through 

* This work is sponsored by the Departments of Air Force, Army, and Navy and 
operates under Contract N7onr-291, Task Order 27. 

1 Suitable as a solubilizing agent, since alone it showed no effect upon spore res- 
piration at concentrations needed for solubilization. 
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cheese-cloth and subsequently adjusted to a population of 50 * 10° spores nitrc 
per ml. ihe 

Measurements of oxygen respiration were made at 30° by the customary 
Warburg manometer technique with single side arm respirometers of ap- 
proximately 15 ml. capacity. In the main cavity of the respirometer were . 
placed 2 ml. of freshly prepared spore suspension; 0.5 ml. of nutrient solu- MN 
tion containing the derivative was added to the side arm. A 2 cm. square 
of filter paper and 0.2 ml. of 10 per cent KOH were placed in the alkali Con 
well for absorption of the CO, evolved. 


DISCUSSION 


The relative capability of the various nitrated phenols to inhibit the 
oxidative mechanism of M. verrucaria spores is shown in Table I, where 
the concentration necessary to induce a 50 per cent inhibition of the nor- 
mal oxygen uptake rate is indicated. These values were ascertained by 
interpolation of plots of the detailed dosage-response data for each chem- 
ical. 

The two cycloalkylated dinitrophenols (Compounds 12 and 13, Table 
I), which demonstrate a high order of inhibitory activity, were found by 
Field, Martin, and Field (13) to evoke essentially the same total stimu- 
latory effect in yeast respiration as DNP; however, the effectiveness ac- 
cording to concentration indicated the cycloalkyl derivatives to be 28 to 
40 times more efficient. The comparative inhibitory effectiveness shows 
these derivatives to be 21 to 22 times more active than DNP. A similar 
elevated order of biological response, determined on a larvicidal, insecti- } 
cidal, and scalicidal basis by Kagy (14), was concluded for the cycloalkyl- , 
ated derivatives with still higher activity indicated for the n-hexyldinitro- ) 
phenol. — 

The ortho introduction of a carboxyl, amino, or an additional nitro group 
into the active 2,4-DNP nucleus yielded acid derivatives with greatly 
reduced activity. The bacteriostatic potency at pH 6.5 of picric and pic- 
ramic acids, when compared with DNP as determined by Cowles and Klotz 
(15), indicated a correlating low level of toxicity for these acids. 

Replacement of the 4-nitro group in the inactive picric acid molecule hae 


ali of Chee Tee, 


a * 
with a cyclohexyl, diisobutyl, n-octyl, or chloro group resulted in 2 ,6-DNP ' 
derivatives with restored high inhibitory activity. Chlorine substitution t 
in 2,6-DNP apparently does not induce the degree of toxicity resulting § 
from alkyl or cycloalkyl substitution. Although introduction of the cyclo- | 
hexyl group in the para position of 2,6-DNP provided the most potent viii 
compound of this group, it is to be noted that its isomer, 6-cyclohexyl-2 ,4- 21 
dinitrophenol was approximately twice as effective. she 





A rather striking parallelism exists between the ability of the various 16 
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ores nitrophenols reported by Cross, Taggart, Covo, and Green (16) to affect 
the cyclophorase system and their inhibitory effect on fungus spore respi- 
ary 
ap- TABLE I 
vere Effect of Some Nitrophenols on Respiration of Myrothecium verrucaria Spores 
olu- The corresponding value of phenol itself, Compound 1 = 86 X 10-* m. 
lare Carbon position of phenol substituent Concentration 
te Compound necessary to 
kali No. inhibit respira- 
2 3 4 5 6 tion 50 per cent 
X 10-4 uw 
2 NO2 20 
the 3 NO2z 15 
ere 4 NO: NO: 10 
10r- 6 - = : 
| 6 “ ss CH; 2.8 
by 7 «“ « i-C3H; 1.5 
em- 8 “ CH; “ ‘“c 3.2 
9 es s s-CHy 0.95 
able 10 i = n-C 6Hi3 0.25 
ee il e “ CsHir* 0.7 
< 12 “ 2 C;Hof 0.32 
mu 13 % * CHut 0.33 
ac- 14 es s C.H;§ 1.05 
8 to 15 Hs 5 COOH >80 
ere ale a 
. 2 
lar 18 « , Opes “ 0.8 
acti- 19 “ n-CsHiy “ 1.1 
kyl- 20 - CsHur| ? 1.6 
tro- 21 sf Cl " 2.3 
‘oup Miscellaneous compounds 
atly a 
Bhs 22 x-Dinitro-xz-heptylphenol 0.7 
aml 23 z-Dinitro-z-n-octylphenol 0.6 
lotz 24 Dicyclohexylamine salt of 6-cyclohexyl-2,4-dinitro- 
phenol 0.4 
cule 
ore * Capryl. 
7 { Cyclopentyl. 
tion t Cyclohexyl. 
ting § Phenyl. 
clo- || Diisobutyl. 
ws ration. At concentrations of 2.5 X 10-*m, Compounds 5, 6, 9, 13, 14, and 
dpe 21, indicative of a high order of toxicity in this study, were found to inhibit 
em phosphorylation completely, while at this one concentration Compounds 
iou 


15 and 17, here very inactive, had no effect on phosphorylation and Com- 
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pound 16, also inactive, caused a 50 per cent inhibition. The toxicologi- 
cal studies of Spencer, Rowe, Adams, and Irish (17) on five of the dinitro- 
phenols (Compounds 5, 6, 9, 13, and 24) yielded markedly similar and 
correlating data for survival and lethal dose. 


The various dinitrophenols were kindly supplied by Dr. F. B. Smith of 
The Dow Chemical Company and by Mr. W. E. Craig of the Rohm and 
Haas Company. 


SUMMARY 


An investigation was undertaken of the effectiveness of certain nitro- 
phenols and some of the substituted dinitrophenol derivatives to inter- 
fere with the respiratory mechanism of spores of the fungus Myrotheciwm 
verrucaria. Of twenty-four compounds studied, the three most potent in- 
hibitors of oxygen uptake were 6-cyclohexyl-, 6-cyclopentyl-, and 6-n- 
hexyl-2 ,4-dinitrophenol. Concentrations of the order of 2.5 to 3.3 & 10-° 
M, or 7 to 9 parts per million, respectively, were sufficient to inhibit respi- 
ration 50 per cent. 
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tro. | SPECTROPHOTOMETRIC ANALYSIS OF AMINO ACIDS AND 


and PEPTIDES WITH THEIR COPPER SALTS 

By JOSEPH R. SPIES anp DORRIS C. CHAMBERS 
h of (From the Allergen Research Division, Bureau of Agricultural and 
oe Industrial Chemistry, United States Department of Agriculture, 
ae Washington, D. C.) 


(Received for publication, March 15, 1951) 


The Pope and Stevens method (1) for quantitative determination of 


tro- | snino acids and peptides is based on iodometric analysis of the combined 


pes “opper, a procedure that is somewhat inconvenient. Woiwood (2), using 
“um “I ihe color produced by diethyldithiocarbamate, has described a spectro- 
fis nhhotometric modification of the Pope and Stevens method. Martin and 
—— Mittelmann (3) have used polarographic analysis of copper. Schroeder, 
a Kay, and Mills (4) have improved the Pope and Stevens method to obtain 


precise and accurate results for amino acids, but they also use iodometric 
malysis of copper. The present paper describes a simple and rapid spec- 
iophotometric method for determining amino acids and peptides which 
is based on the color obtained when the combined copper is converted to 
495 | the copper salt of alanine, together with an application of the procedure 
in studying the rate of protein hydrolysis. 

, 53, Color intensities of equimolar concentrations of copper complexes of 
amino acids vary. Therefore, any one amino acid cannot be used as a 
ference standard for the determination of the other amino acids. How- 
ever, an excess of an amino acid added to solutions of the copper com- 
jlexes of other amino acids converts their copper largely to the complex 
if the added amino acid which can then serve as a standard. Alanine 
vas chosen as standard because of its relative high solubility, the ease of 
its purification, its cheapness, and because it gives a color intensity near 
14, | or intermediate between those of the other amino acids. 


34, EXPERIMENTAL 


A Coleman spectrophotometer, model 11, with round 19 mm. cuvettes 
vas used for the analyses. A Beckman spectrophotometer, with 10 mm. 
477, | Wartz cuvettes, was used to obtain the absoprtion curve shown in Fig. 1. 
Copper Chloride—28 gm. of reagent grade cupric chloride dihydrate per 
., 30, liter of water solution. 

Sodium Phosphate—68.5 gm. of reagent grade trisodium phosphate do- 
lecahydrate per liter of water solution. 

Sodium Borate Buffer, pH 9.1 to 9.2—40.3 gm. of reagent grade anhy- 
lrous sodium tetraborate in 4 liters of water; filtered. 
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Washed Copper Phosphate (4)—To 40 ml. of sodium phosphate solution 
were added 20 ml. of copper chloride with swirling. The suspension was 
centrifuged for 5 minutes. The precipitate was washed twice by resus. 
pension in 60 ml. of borate solution, followed by centrifuging. The washed 
precipitate was suspended in 100 ml. of borate buffer and 6 gm. of reagent 
grade sodium chloride were dissolved in the suspension. Copper phos. 
phate suspensions stored in glass-stoppered flasks up to 4 days gave maxi- 
mum color with alanine, but the color-producing capacity decreased slightly 
after 10 days. 

Amino Acids—Amino acids having the theoretical nitrogen content were 
used. The alanine standard was recrystallized with special care to pre- 
vent contamination by traces of insoluble foreign matter which might 
interfere in spectrophotometric analysis. Solutions of required concentra- 
tions of alanine were optically clear. The standard alanine had the theo- 
retical nitrogen content. 

Peptides—The synthetic peptides were analytically pure, as shown by 
their theoretical nitrogen content. 

Proteins—The preparations of casein, 8-lactoglobulin, and the allergenic, 
polysaccharidic protein, Fraction CS-54R, from cottonseed have been de- 
scribed in previous papers (5, 6). 

In general, the recommendations of Schroeder et al. (4) regarding the 
variables time, proportion of reactants, and effect of pH were followed. 
The color is stable for at least an hour and showed very little change in 
24 hours. The procedure provides excess copper phosphate for the most 
concentrated amino acid solutions used. The effect of pH of the test 
solution is important, and in the analysis of acid hydrolysates of proteins 
satisfactory results were obtained when the pH of the test solution was 7.0. 





Methods 


Development of Color—To 5.0 ml. of a water solution of an appropriate 
concentration of the test substance (amino acid, peptide, protein hydroly- 
sate, etc.) in a 25 ml. glass-stoppered Erlenmeyer flask were added 5.0 
ml. of the copper phosphate suspension. The suspension was shaken oe- 
casionally during 5 minutes and then centrifuged in a capped 12 ml. tube 
for 5 minutes. 

Spectrophotometric Analysis—The clear blue solution was carefully de- 
canted (9.5 ml. were so obtained) into a 25 ml. glass-stoppered Erlen- 
meyer flask containing 200 + 5 mg. of alanine. The alanine was dis- 
solved and the transmittancy of the solution was determined at 620 my. 
Blank solutions for the analysis of amino acids and peptides were made 
as follows: To 5.0 ml. of borate buffer (containing 6 gm. of sodium chloride 
per 100 ml.) were added 5.0 ml. of water, and 200 mg. of alanine were 
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jssolved in 9.5 ml. of this solution. Blank solutions of protein hydroly- 
ates were made by mixing 5.0 ml. of salt-containing buffer with 5.0 ml. 
{the hydrolysate and, after centrifugation, 200 mg. of alanine were dis- 
glved in the decanted solution. 

The colored solution used to obtain the absorption curve shown in Fig. 1 
as prepared with an 0.04 M solution of alanine to which 200 mg. of alanine 
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Fig. 1. Absorption curve of copper-alanine complex 


were added to test and blank solutions as described above. The absorp- 
tion curve of the copper complex of alanine made similarly but without 
added alanine practically coincided with that shown in Fig. 1. 

Standard Curves—Two standard curves were prepared. One curve was 
obtained from data on alanine alone and the other on alanine to which 200 
mg. of alanine were added. The two standard curves were used in deter- 
mining the color intensities produced by amino acids with and without 
added alanine, as described below. However, only the standard curve of 
alanine with added alanine is needed in the recommended method of analy- 
is, Eight alanine solutions ranging from 0.005 to 0.040 m (each differing 
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by 0.005 m) were used to obtain the standard curves. To 10 ml. of each 
solution were added 10 ml. of copper phosphate suspension in 50 ml. glass 


TABLE I 


Relative Color Intensities Produced by 0.0260 m Solutions of Amino Acids 
Alone and with Added Alanine As Compared to Alanine As 100 











Per Cent 
Alanine equivalence 
Amino acid 
Without added alanine* With added alaninet 

per cent ber cent 
PRMEANIO scl y iets oa Pa) dune aoe ee 100.0 100.0 
Arginine monohydrochloride.............. 103.8 98.8 
LASTED OCs TS rere 89.3 99.0 
(CUTS C00 Og SS ae Te ae ae ienee See 104.6 101.2 
MORUASIINO USE Se oa Re cab, soins ecu 79.8 98.8 
Histidine monohydrochloride............. 145.2 123.6 
EIVGTOXYPIGUNG « . 2... os ews seven 125.9 103.6 
CS TL UI a er 109.2 101.2 
MINTED seth cristest rd sidseigivrate dsbieek 101.8 98 .2 
Lysine monohydrochloride............... 102.0 98.2 
OLE TTL PETC? EA a a § 102.4 
Phenylalaninef................. Sit, tes 101.8 99.4 
EOD D SI Clee ne Re 123.7 100.6 
CELTS sas Be ae oa 91.3 99.5 
CUP EON DDS AC eee nn ae a 95.0 100.0 
“TDOSRE ETT) 07 Ca a , 108.9 99.4 
i ier, Heer aa cite et aad 99.6 99.4 
TT) RE oe oe en ee aa 105.6 100.4 











* Duplicate determinations; over-all average deviation of all results +0.4 per 
cent. 


¢ Duplicate determinations; over-all average deviation of all results 0.2 per 
cent. 


¢ Analyzed in solution containing 0.01667 m glycine and 0.00833 m amino acid. 


§ Copper salt precipitated just before readings could be taken. There was 10 
precipitation in test with added alanine. 


Because of the insolubility of tyrosine in water and the desire to avoid possible 
effects of adding acid or alkali, samples of tyrosine were added in the solid state to 


a water-copper phosphate suspension. The tyrosine dissolved in 1 hour and trans 
mittancies were determined as usual. 


stoppered Erlenmeyer flasks. The suspensions were shaken occasionally 
during 5 minutes and centrifuged in capped tubes. The clear supernatant 
solutions were decanted and to 9.5 ml. of each were added 200 mg. of 
alanine. Transmittancies determined on the two portions of each solu: 
tion, with appropriate blank solutions, ranged from 77.1 to 12.7 and 77. 
to 12.9 per cent for the 0.005 to 0.040 m solutions with and without added 


janine, | 
ange of 
Compa 
Slanine- 
ml. of a 
fask we 
as shal 
The blu 
200 mg. 


~80 - 


TOTAL 
~ 
oO 
| 


( PERCENT OF 
+ roa) p> 
ro) o °o 
T | 


w 
oO 





ft 
oO 








ro) 


fo) 


CHROMOGENIC NIT ROGEN 
a 


Fig. 
eration 


and Ww 
blank 
corres 
hip o 
as 100 
by 0. 

Hy 
the m 
were | 
ing of 
care 
was | 





XUM 


of each 
il. glass. 


ctds 


—-—_____. 


alaninet 


+0.4 per 
+0.2 per 


> acid, 
» was 10 


possible 
state to 
id trans- 


sionally 
rnatant 
mg. of 
h solu- 
nd 77.2 
; added 





J. R. SPIES AND D. C. CHAMBERS 791 


janine, respectively. Excellent conformity to Beer’s law over the entire 
nnge of concentration was shown. 

Comparison of Color Intensities of Amino Acids Alone and with Added 
lanine—The results shown in Table I were obtained as follows: To 10 
gl. of an 0.0250 M solution of the amino acid in a 50 ml. glass-stoppered 
{ask were added 10 ml. of copper phosphate suspension. The mixture 
yas Shaken occasionally during 5 minutes and centrifuged in capped tubes. 
The blue solution was carefully decanted and 9.5 ml. were removed and 


_1200 mg. of alanine were added. The transmittancy of each solution (with 


~ 80 
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Fig. 2. Rate of hydrolysis of casein with 3 N hydrochloric acid as shown by lib 
eration of chromogenic nitrogen. 


ud without added alanine) was determined at 620 my with appropriate 
lank solutions. The transmittancies were converted to molarity from 
corresponding alanine standard curves. The relative percentage relation- 
hip of color intensities produced by each amino acid, compared to alanine 
«8 100 per cent, was calculated by dividing 100 times the observed molarity 
by 0.0250. 

Hydrolysis of Proteins—The following procedure was used in applying 
the method to the rate of hydrolysis of casein (Fig. 2). 100 mg. of casein 
were placed in a 16 X 65 mm. Thunberg tube which was modified by seal- 
ing off the bulb of the stopper. 2 ml. of 3 N hydrochloric acid were added, 
«are being taken not to get casein on the walls of the tube. The tube 
vas heated to 100°, whereupon the stopper was closed and heating was 
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continued for the desired interval. The tube was cooled, 1.2 ml. of 5; i stid 
sodium hydroxide were added, the contents were quantitatively trans ), form 
ferred to a beaker, and the pH was adjusted to 7.0 with dilute sodiyy at i 
hydroxide and hydrochloric acid with a glass electrode. The solution wa vids, 
then diluted to 25.0 ml. and duplicate analyses were made. cent of t 
Complete hydrolysis of proteins (Table III) was made as follows: Ty | comb 
100 mg. of protein in a 17 X 90 mm. Pyrex tube were added 2 ml. of 3y caghhe 
hydrochloric acid. The tubes were placed upright in a Pyrex desiccator, vB, a8 
Enough water was placed in the bottom of the desiccator to fill it with sowed 
water vapor on evacuation. The desiccator was then evacuated to 40 mm, tependi 
and heated in an autoclave at 120-125° for 8 hours. The hydrolysate" ig ” 
were cooled, neutralized to pH 7.0, diluted to 25.0 ml., and analyzed a Kobe 
above. 7 ¢ 
nder 


ther a 
Amino Acids—The relative color intensities produced by seventeen amino} Pepti 


acids, compared with alanine as 100 per cent, were determined with and} own | 
without added alanine (Table I). The color intensities of sixteen amino} the cor 
acids ranged from 79.8 per cent for glycine to 125.9 per cent for hydroxy- } of trip 
proline when analyzed without added alanine. When analyzed with added] (Pp = 
alanine, the range was 98.2 to 103.6 per cent and the over-all deviation} ind St 
from 100 per cent was +1.2 per cent, a degree of accuracy satisfactory | «pper 
for most analytical purposes. Histidine behaved atypically, as discussed] its cop 
below. uecord: 
Pope and Stevens (1) and Schroeder et al. (4) observed that cystine} of a n 
phenylalanine, methionine, leucine, and tryptophan form insoluble or par-| fiee ca 
tially soluble copper salts, but they were able to analyze all but cystine} peptid 
by adding known amounts of glycine to form a soluble mixed salt. In} amino 
the present study, 2 moles of glycine per.mole of each of methionine,} hindin 
leucine, phenylalanine, and tryptophan were used. Under these condi-}of gly 
tions, the copper salts of methionine and tryptophan precipitated a short | peptic 
time after centrifugation of the copper phosphate, but no precipitates} Kol 
formed when 200 mg. of alanine were added to solutions of their copper} and ¢ 
salts. p1i-Leucine could not be analyzed in the presence of 2 moles «| peptic 
glycine because precipitation occurred before excess copper phosphate could } blue s 
be removed. However, precipitation did not occur with L-leucine, which | that | 
was analyzed successfully. Cystine was not determined because even the } yaling 
mixed salt was too insoluble (4). howe 
Previous workers (2-4, 7) have concluded that the amino acids form} struet 
cupric salts, under conditions of the test, according to the formula Cua:| discu 
(A = 1 amino acid molecule). On this basis, it is apparent from results} Re 
in Table I that all of the amino acids except histidine reacted in these} amin 
proportions. 


RESULTS AND DISCUSSION 
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Histidine, according to Kober and Sugiura (8) and Pope and Stevens 
|), forms a salt having the composition CusA3. Schroeder et al. (4) showed 
hat, although histidine combines with more copper than the other amino 
yids, under the conditions of the test, the amount of copper was 92 per 
wnt of that required for the formula Cu.A3. Histidine, as shown in Table 
| combined with 93 per cent of the copper required for CuzA3. Schroeder 
observed that the amount of copper bound to histidine varies with the 
pH, as would be expected from results of Borsook and Thimann (9) who 
howed that copper forms at least four salts with glycine and alanine, 
pending on the pH of the solution. Therefore, careful control of pH 
is essential. 

Kober and Sugiura (10) stated that glutamic and aspartic acids react 
vith copper to form salts of the formula CuA, but, as shown in Table I, 
under the conditions of this test, these amino acids react similarly to the 
ther amino acids. 

Peptides—Results of analysis of nine dipeptides and five tripeptides are 
own in Table II. In general, the dipeptides react with copper as though 
the component amino acids were free, while only two of the amino acids 
if tripeptides react, the general formula of the copper salts being CuP 

= 1 peptide molecule) in both cases. This is in accord with Kober 
ind Sugiura (10) and Woiwood (2) who gave CuP as the formula for 
wpper peptides. Dialanylcystine, however, reacts as two dipeptides and 
its copper salt has the formula Cu2P. Glycylsarcosine reacts with copper 
cording to the formula CuP3, thus showing the influence of substitution 
ofa methyl group for hydrogen on the nitrogen atom adjacent to the 
ie carboxyl group in decreasing the copper-binding capacity of this di- 
veptide. Substitution of a methyl group for 1 hydrogen atom of the free 
amino group, however, had no such effect, as shown by the full copper- 
binding capacity of sarcosylphenylalanine. The copper-binding capacity 
of glyeyldehydrovaline was slightly lower than that of a saturated di- 
peptide. 

Kober and Sugiura (10) observed that copper complexes of amino acids 
and dipeptides give blue solutions, when slightly alkaline, but the tri- 
veptides give purple solutions under the same conditions. In this study 
blue solutions were obtained with the amino acids and dipeptides, except 
that histidine solutions turned green on standing (4) and glycyldehydro- 
valine was greenish blue. The tripeptides gave purple solutions which, 
however, turned blue when excess alanine was added. The relationship of 
structure to color of the copper complexes of amino acids and peptides is 
discussed by Kober et al. (10, 11). 

Reaction of Other Substances—Kober and Sugiura (10) claimed that p- 
amino acids react to form salts of the same formula as the a-amino acids. 
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In this study 8-alanine produced a blue solution, but the copper-bindiy 
capacity was only 40 per cent that of a-alanine. 

Solutions (0.025 m) of lactic acid, glucose, galactose, sucrose, inositg) 
mannitol, and ammonium chloride gave no color with copper under thy 
conditions of the test and would not, therefore, interfere in application 


























of the methods. 
TasBLeE II 
Analysis of Dipeptides and Tripeptides with Added Alanine 
Ratio of 
Color of solution | Molarity Alanine mol. wt. | Formula, 
Substance before adding of test equivalence of | to equiva-| copper 
alanine solution test solution* lent wt. | _ saltt 
found 
per cent 
Alanine Blue 0.0250 | 100.0 1.00 CuA; 
Dialanylcystine es 0.00625} 96.4 + 0.0 | 3.86 Cu,P 
Alanylglycine . 0.0125 | 100.0t 2.00 | CuP 
Glycylalanine 0.0125 | 100.0 +0.4| 2.00 | “ 
Glycyl-a-aminoisobutyric . 0.0125 | 102.4 +0.0| 2.05 | « 
acid 
Glycyl-a-amino-n-butyric - 0.0125 | 99.8+0.2|] 2.00 | « 
acid 
Glycyldehydrovaline Green-blue | 0.0125 | 90.2 + 0.0] 1.80 ex 
Glycylsarcosine Blue 0.0125 | 35.0 + 0.2] 0.70 | CuP, 
Glycylserine ne 0.0125 | 104.3 + 0.3 | 1.90 | CuP 
Sarcosylphenylalanine 0.0125 | 98.8 +0.0]} 1.98 . 
Glycylalanylglycine Purple§ 0.0125 | 100.2 +0.2} 2.00 | “ 
Glycylglycylalanine ag 0.0125 | 99.6 +0.0} 1.99 | « 
Glyeylglycylleucine x 0.0125 | 95.5+40.2; 1.91 | “« 
Glycylleucylglycine as 0.0125 | 99.2¢ 1298. | 9:8 
Leucylglycylglycine " 0.0125 | 99.8 +0.2{ 2.00 | . 








* Duplicate analyses. 

t Calculated on the basis of alanine having the formula CuA. 
for dipeptide or tripeptide. 

t Single analysis. 

§ Test solutions turned characteristic blue on adding to 200 mg. of alanine. 


P = abbreviatio 


Protein Hydrolysates—Study of the amino acids and peptides demonstt:- 
ted the applicability of the analytical method to these compounds an! 
also aided in interpretation of results obtained with complete and partitl 
protein hydrolysates. In general, only the “end-group” amino acids ¢ 
peptides react with copper; that is, those amino acids with a free carboxy! 
adjacent to peptide-linked nitrogen or with a free amino group adjacet! 
to a peptide-linked carboxyl group. Copper-binding capacity of proteil 
hydrolysates should, therefore, increase during hydrolysis until all a-amin' 
nitrogen is either free or in dipeptide form, and the method should b 
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yeful in indicating the extent of protein hydrolysis to this point. The 
proportions of nitrogen in end-group amino acids in unhydrolyzed casein, 
slactoglobulin, and Fraction CS-54R were 5.3, 5.7, and 3.6 per cent of 
the total nitrogen, respectively.! 

The results of application of the method to study of the rate of hydroly- 
sis of casein in 3 N hydrochloric acid at 100° are shown in Fig. 2. The 
proportion of chromogenic nitrogen increased up to 12 hours, at which 
time it became constant at a value representing 73.2 per cent of the total 
nitrogen. Test solutions of 1, 2, 3, and 4 hour hydrolysates were purple 
before adding the alanine. Purple color in the test solution of the 6 hour 
hydrolysate was barely perceptible and test solutions of hydrolysates made 


TaBLeE III 


Comparison of Calculated and Found Percentages of Chromogenic Nitrogen 
in Complete Protein Hydrolysates 





Chromogenic nitrogen as per cent of total nitrogen 








Protein 
Found Calculated 
COTTON ene AER OR RaBENE Sree a 74.3 + 0.3* 74.3f 
é-Lactoglobulin.................. 80.1 + 0.3* 78.8 


Fraction CS-54R.................. 50.7§ 54.2 








* Average of three determinations. 

t Calculated from amino acid values of Gordon et al. (12), Table III, except 
that Spies and Chambers’ (5) value for tryptophan was used. 

t Calculated from amino acid values of Stein and Moore (13), except that Spies 
and Chambers’ (5) value for tryptophan was used. 

§ Single determination. 


during longer periods were blue. This is a qualitative indication that 
hydrolysates up to 6 hours contained peptides with three or more amino 
acids and those of longer hydrolysis times contained only free amino acids 
or possibly dipeptides. 

The amino acid contents of casein and 6-lactoglobulin have been ac- 
curately determined by Gordon e¢ al. (12) and Stein and Moore (13), re- 
spectively, and it is possible to calculate the proportions of chromogenic 
nitrogen in the complete hydrolysates from their data. The non-chro- 
mogenic nitrogen is expressed as per cent of the total nitrogen of each 


1 End-group nitrogen in unhydrolyzed proteins was determined as follows: 100 
mg. each of casein and B-lactoglobulin were dissolved separately in 2.0 ml. of 0.1 N 
sodium hydroxide at room temperature. The pH of the solutions was adjusted to 
7.0 with 0.1 n hydrochloric acid and volumes were adjusted to 25.0 ml. 5 ml. sam- 
ples were used for analysis in the usual way. Water solutions containing 5 mg. per 
ml. of Fraction CS-54R were similarly analyzed. 
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component containing non-chromogenic nitrogen as follows: ammonia oy 
amide nitrogen, 100; arginine, 75; lysine, 50; histidine, 59 (this valye 
rather than 67 per cent was used because histidine gave 24 per cent mor 
color than that calculated for its a-amino nitrogen content, Table |): 
tryptophan, 60 (19 and 20 per cent, respectively, of the chromogenic ni. 
trogen of the added tryptophan was destroyed when 100 mg. of casein 
and of B-lactoglobulin were hydrolyzed with 3 N acid at 125° with 25 mg, 
of tryptophan added to each. This value serves only as an approxima- 
tion. Although tryptophan per se is probably completely destroyed under 
these conditions, destruction of its chromogenic nitrogen would not be 
expected, because only the a-amino part of the molecule is involved in 
color formation. When tryptophan alone was similarly hydrolyzed, no 
chromogenic nitrogen was destroyed). The sum of the non-chromogenic 
nitrogen was substracted from 100 per cent to give the calculated values, 
As is shown in Table III, the found and calculated values for casein and 
B-lactoglobulin are in excellent agreement and the greater difference in 
the case of Fraction CS-54R is possibly due to the fact that CS-54R. con- 
tains 6.3 per cent carbohydrate, which may have caused some destruction 
of amino acids during hydrolysis. 


The authors make grateful acknowledgment to Dr. J. P. Greenstein, 
National Institutes of Health, Bethesda, Maryland, for the synthetic 
peptides used in this study. 


SUMMARY 


A simple, rapid, and accurate method for the quantitative determina- 
tion of amino acids and peptides by spectrophotometric analysis of their 
copper complexes is described. Seventeen amino acids, nine dipeptides, 
and five tripeptides were studied and the interpretation of the results in 
relation to application of the method in studying the rate of hydrolysis of 
proteins is discussed. An example of use of the method in studying the 
rate of hydrolysis of casein is given. Excellent agreement was obtained 
between the values for chromogenic nitrogen found and calculated for 
complete acid hydrolysates of casein, 6-lactoglobulin, and Fraction CS- 
54R (cottonseed allergenic protein) based on their amino acid contents. 
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MAMMALIAN TYROSINASE: ACTION ON SUBSTANCES 
STRUCTURALLY RELATED TO TYROSINE* 


By AARON BUNSEN LERNER,{ THOMAS B. FITZPATRICK,}{ 
EVAN CALKINS,{ anp WILLIAM H. SUMMERSON 


(From the Biochemistry Branch, Chemical Corps Medical Laboratories, 
Army Chemical Center, Maryland) 


(Received for publication, February 14, 1951) 


Tyrosinase prepared from plant, insect, and marine animal sources cat- 
alyzes the oxidation of tyrosine, dihydroxyphenylalanine (dopa), and var- 
ious structurally similar compounds to darkly colored pigments (2). The 
enzymatic oxidation of many of the analogues of tyrosine and dopa often 
proceeds at a faster rate than for tyrosine and dopa themselves (2, 3). 

The investigation reported here was carried out in order to determine 
the action of tyrosinase from mammalian sources on various compounds 
structurally related to tyrosine and dopa so that information regarding the 
mechanism of mammalian tyrosinase action might be obtained. The pos- 
sibility of finding competitive inhibitors for mammalian tyrosinase action 
was also anticipated. 


Methods 


Tyrosinase was prepared from the Harding-Passey mouse melanoma as 
previously described (4). Enzymatic activity was determined manomet- 
tically as oxygen uptake in the Warburg apparatus at 38° in 0.1 m potas- 
sium phosphate buffer at pH 6.8. In general, 3 units of enzyme (4) were 
present in each vessel, with a total volume of 3 ml. of reaction mixture. 

In the substrate studies, 0.5 mg. of tyrosine or dopa or equimolar 
amounts of the other compounds studied were dissolved in buffer and 
added from a side arm of the Warburg vessel to the enzyme preparation 
after 10 minutes equilibration at 38°. Activity against other compounds, 
or in the presence of inhibitors, relative to that against tyrosine or dopa 
was determined as the ratio of the maximal rate of oxygen uptake over a 
10 minute period for the compound in question to that for tyrosine or 


* A preliminary report of the material in this paper was presented at the meeting 
of the Federation of American Societies for Experimental Biology at Detroit, April, 
1949 (1). 

t Present address, Department of Dermatology, University Hospital, Ann Arbor, 
Michigan. 

t Present address, Department of Biochemistry, Harvard Medical School, Bos- 
ton, Massachusetts. 
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dopa. For studies on dopa catalysis of tyrosinase activity, 0.05 mg. of 
dopa replaced an equivalent amount of tyrosine or other substrate. 


Results 


Monohydroxyphenyl Compounds—Three aspects of the action of tyro- 
sinase on the monohydroxyphenyl compounds (or derivatives) listed in 
Table I were studied: (1) ability to act as substrates for tyrosinase; (2) 
possible inhibitory action on the tyrosinase and dopa-tyrosinase reactions: 
(3) effect of small amounts of dopa on enzymatic action. 

With regard to ability to act as substrates for tyrosinase, the results 
shown in Table I indicate that no compound is more active than tyrosine 
and that only.the ethyl ester of tyrosine has the same activity as tyrosine. 
If the carboxyl group on tyrosine is replaced by a methyl group (pare- 
drine), activity is reduced although still present. However, if the car- 
boxyl group is replaced by hydrogen (tyramine), or if a second methy! 
group is added to the nitrogen (paredrinol), the resulting compounds have 
only slight activity. Replacement in these tyrosine-like compounds of a 
hydrogen atom on the 8-carbon of the alanine side chain by a hydroxyl 
group does not produce activity. Replacement of the hydrogen atom in 
the phenolic hydroxyl group of tyrosine by a methyl group (methoxytyro- 
sine) gives an inactive compound. Phenol, which may be considered to be 
tyrosine minus the alanine side chain, is also inactive. 

Derivatives of tyrosine which are not oxidized in the presence of tyro- 
sinase are produced by substitution of formyl or acetyl groups for a hydro- 
gen atom on the amino group of tyrosine, or the addition of iodo, nitro, or 
amino groups to the aromatic nucleus ortho to the hydroxyl group. Cer- 
tain of these compounds proved to be potent inhibitors of tyrosinase (Ta- 
ble I). The compound 3-fluorotyrosine is also an inhibitor of the enzyme, 
but appears to be slowly oxidized by the enzyme at the same time, since, 
while the rate of oxidation of tyrosine by tyrosinase is much lower in the 
presence of 3-fluorotyrosine, the total oxygen consumption after the reac- 
tion is completed is greater than for tyrosine alone. 

The quantitative relation between inhibition of enzymatic activity and 
concentration of inhibitor is shown in Fig. 1 for N-formyltyrosine, N-ace- 
tyltyrosine, and 3-fluorotyrosine, acting against the dopa-tyrosinase reac- 
tion. The negative logarithm of the inhibitor concentration that produces 
50 per cent inhibition under our conditions is listed in Table I. 

The mechanism of the inhibition produced by N-acetyltyrosine was 
studied by transforming the data as described by Lineweaver and Burk 
(5). The relation between the reciprocal of the maximal rate of oxygen 
uptake and the reciprocal of the substrate (dopa) concentration is shown 
in Fig. 2. Since varying amounts of inhibitor produce a change in slope of 
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the line but not in the intercept on the y axis, it is concluded that N-ace- 
tyltyrosine is a competitive inhibitor of the dopa-tyrosinase reaction. 
Under many conditions the mammalian tyrosinase-tyrosine reaction has 


TaBLeE I| 


Activity of Monohydroxyphenyl Compounds As Substrates for 
Mammalian Tyrosinase 
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* The values in this column represent, for a particular compound, the negative 
logarithm of the molar concentration producing 50 per cent inhibition of dopa oxi- 
dation. 


a more or less prolonged induction period before oxidation proceeds at a 
maximal rate. Small amounts of dopa reduce the time of this induction 
period (4). Study of the action of tyrosinase on the various monohy- 
droxyphenyl compounds listed in Table I in the presence of small amounts 
of dopa demonstrated that dopa reduced the induction period for tyrosine 
and for tyrosine ethyl ester equally, but had no effect on the oxidation of 
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the other monohydroxyphenyl compounds studied except for slightly in. 
creasing the rate of oxidation in the case of paredrinol. 

Dihydroxyphenyl Compounds—Four phases of the action of tyrosinase on 
the dihydroxyphenyl compounds (or derivatives) listed in Table II were 
studied: (1) ability to act as substrate for tyrosinase; (2) effect on the in. 
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Fig. 1, Effect of varying inhibitor concentration on the activity, at constant en- 
zyme concentration, of mouse melanoma extracts in the oxidation of dopa (8.45 
X 10-4 m) at pH 6.8 and 38°. Curve A, 3-fluorotyrosine; Curve B, N-acetyltyro- 
sine; Curve C, N-formyltyrosine. 

Fig. 2. Effect of N-acetyltyrosine (8.3 X 10-4 m) on the relationship between re- 
action velocity (V) (rate of oxygen consumption, in microliters per 10 minutes) and 
molar substrate concentration (S) in the oxidation of dopa by mouse melanoma 


tyrosinase at pH 6.8 and 38°. Curve A, enzyme + dopa; Curve B, enzyme + dopa 
+ N-acetyltyrosine. 


duction period in the tyrosine-tyrosinase reaction; (3) effect of an active 
dopa-tyrosinase reaction on oxidation of the compound; (4) ability to in- 
hibit the tyrosine-tyrosinase and dopa-tyrosinase reactions. 

Relative substrate activity of the various dihydroxyphenyl compounds 
or derivatives is listed in Table II. 1-Dopa was more readily oxidized in 
the presence of tyrosinase than any other compound studied. The syn- 
thetic pL-dopa was three-fourths as active as the natural isomer, L-dopa. 
Other dihydroxyphenyl compounds were relatively inactive. Of the three 
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itly in. | compounds that do not possess orthodihydroxy groups, only p-benzylhy- 
droquinone showed substrate activity, and this was slight. 
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ized in | tyrosine oxidation, in low concentration (one-tenth that of the substrate 
e syn- | tyrosine), is given in Table II. Here again u-dopa was the most effective 
-dopa. | compound, closely followed or perhaps equaled by pi-dopa. The majority 
> three | of the other compounds studied showed an ability to influence the induc- 
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tion period, which, while not equal to that of dopa, is at least significant, 
and is to be contrasted with their relative ineffectiveness as substrates, 
This indicates that these compounds, although not a primary object of 
enzymatic attack, nevertheless can enter into the enzymatic reaction in 
some way not as yet clear, provided that an effective substrate is also 
present. 

To explore this question further, the effect of rapid oxidation of dopa on 
the oxidation of the various other dihydroxyphenyl compounds was stud- 
ied by measuring the rate of oxygen uptake and the total oxygen consump- 
tion when 0.5 mg. of dopa and equimolar amounts of each of the other 
compounds were added to tyrosinase. The results are given in the last 
two columns of Table II. Simultaneous oxidation of dopa markedly in- 
creased the rate of oxidation of cobefrin, isuprel, epinephrine, and hydro- 
quinone. There was some increase in rate for arterenol, homogentisic 
acid, and p-Lenzylhydroquinone, and no effect at all on methoxyepi- 
nephrine and catechol. From a comparison of these results with the effee- 
tiveness of the various compounds as substrates, it is clear that inertness 
as a substrate is not conclusive evidence as to whether or not a particular 
compound will be oxidizable in the presence of an active tyrosinase system 
or in a cell or tissue containing the active enzyme and a suitable substrate. 

The ability of various dihydroxyphenyl compounds to inhibit tyrosinase 
was studied by measuring the rate of action of the enzyme on tyrosine or 
dopa in the presence of varying amounts of each of the other compounds. 
Only hydroquinone and p-benzylhydroquinone showed inhibitory action. 
When these substances were mixed with tyrosine in equimolar amounts, 
the tyrosine-tyrosinase reaction was inhibited approximately 50 per cent 
by hydroquinone and only slightly by p-benzylhydroquinone. These sub- 
stances inhibited the dopa-tyrosinase reaction only to a small extent. 


DISCUSSION 


The results presented here show that L-tyrosine, L-tyrosine ethyl ester, 
and L-dopa are more active as substrates for mammalian tyrosinase than are 
the other compounds studied. These findings are to be contrasted with 
those obtained with tyrosinase from plant, insect, and marine animal 
sources, in which many analogues of tyrosine and dopa are found to be 
more active as substrates than is either tyrosine or dopa. We consider 
this to be further evidence, in addition to that reported previously by us 
(4), that mammalian tyrosinase differs in certain respects from the enzyme 
obtained from other than mammalian sources, although there are also 
many points of similarity between the two types of enzymes. 

The production of tyrosine derivatives which are not acted upon by 
tyrosinase when a hydrogen atom in either the phenolic hydroxyl group or 
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t the a-amino group in the alanine side chain is replaced by an organic 
radical implies that these two loci are important points of contact between 
of enzyme and substrate. The carboxyl group is less important, since when 
it is esterified, or even absent (paredrine), substrate activity is still re- 
tained. That the N-substituted derivatives studied are not only inactive 
but also inhibitory has already been pointed out. N-Acetyltyrosine and 
N-formyltyrosine are as effective inhibitors of tyrosinase activity as are 
1. diethyldithiocarbamate and 2,3-dithiopropanol (BAL), which have been 


D- shown to act by combining with the copper required for enzymatic activity 
- (6). In the case of N-acetyltyrosine, inhibition is competitive; inhibition 
st by N-formyltyrosine has not been further investigated, but presumably it 


too is competitive. 

In a previous report (4) it was shown that the maximal rates of enzy- 
m matic oxidation of tyrosine and dopa are the same, but that there is an 
"i induction period before oxidation of tyrosine begins, and that added dopa 
‘ shortened this period in a systematic way. The results presented here 
demonstrate that no compound of those studied is more effective than 
™ dopa in this respect, but that a number of dihydroxyphenyl compounds 


- have some degree of activity. While the greater relative effectiveness of 
6. dopa suggests that compound specificity enters into the mechanism for 
5 decreasing the length of the induction period, at the same time it appears 
* that there may be a non-specific action, shared by a group of compounds, 
% possibly related to modification in the oxidation-reduction potential of the 
a. system, as discussed briefly by Lerner and Fitzpatrick (7). More must be 
Py learned concerning the origin and nature of the induction period before 
nt definite conclusions can be reached. 


_ Since the first step in the enzymatic action on tyrosine appears to be the 
formation of the 3 ,4-dihydroxy compound (dopa), it is not surprising that 
the presence of substituents other than hydroxyl groups in the 3 position 
of the benzene ring of tyrosine produced compounds which were not acted 


Sr, upon by the enzyme. Two of these compounds (fluorotyrosine and amino- 
re tyrosine) proved to be inhibitors of the enzyme. As yet we have no ade- 
th quate explanation of the nature of fluorotyrosine inhibition, but an expla- 
al nation is available for inhibition by aminotyrosine. Amino derivatives of 
e benzene, such as aniline, are known to combine with orthoquinones and 
er prevent their further oxidation (8). It is possible that aminotyrosine com- 
18 bines with the dopa quinone formed from dopa and thus prevents further 
ne reaction. 
0 It has been reported (9), without detailed data, that p-benzylhydroqui- 
none greatly reduces the rate of action of extracts from the Harding-Passey 
yy mouse melanoma on dopa, and completely inhibits action on tyrosine. 
ee Under our conditions p-benzylhydroquinone in equimolar quantities with 
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the substrate had but a slight effect on both the tyrosine-tyrosinase and 
dopa-tyrosinase reactions. 

The ability of an active tyrosinase-substrate system to promote the oxi- 
dation of such compounds as epinephrine, homogentisic acid, and hydro- 
quinone, which are not acted upon by the enzyme alone, suggests a reeval- 
uation of the possible réle of these compounds in skin pigmentation. [pn 
the light of our results, inertness towards tyrosinase action in vitro is not 
sufficient evidence for a similar inertness in the active pigment-forming 
cell. 


SUMMARY 


“1. The activity of a variety of compounds structurally related to tyro- 
sine and dihydroxyphenylalanine (dopa) has been studied for effectiveness 
as substrate for mammalian tyrosinase; of the compounds examined, 1- 
tyrosine, L-tyrosine ethyl ester, and L-dopa were most active. Some sub- 
strate activity was found for pu-dopa and dl-paredrine. Other compounds 
were relatively inert. 

2. The N-acetyl, N-formyl, 3-fluoro, and 3-amino derivatives of tyrosine 
are effective inhibitors of tyrosinase action. Inhibition by N-acetyltyro- 
sine is competitive. 

3. The presence in a tyrosine derivative of an unsubstituted phenolic 
hydroxyl group and an a-amino group is essential for tyrosinase action. 
The carboxyl group is relatively less important. 

4, The effect of dopa in shortening the induction period in the oxidation 
of tyrosine by mammalian tyrosinase is shared to a lesser extent by other 
structurally similar compounds, indicating that a more general explanation 
than compound specificity must be sought for this phenomenon. 

5. Compounds such as cobefrin, arterenol, isuprel, epinephrine, catechol, 
homogentisic acid, hydroquinone, and p-benzylhydroquinone are relatively 
inactive as substrates for mammalian tyrosinase, but are readily oxidized 
in the presence of an active tyrosinase-substrate system. 
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PROTEOLIPIDES, A NEW TYPE OF TISSUE LIPOPROTEINS 
THEIR ISOLATION FROM BRAIN* 


By JORDI FOLCH anp M. LEEST 


(From the McLean Hospital Research Laboratories, Waverley, Massachusetts, and the 
Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, February 3, 1951) 


Brain tissue and brain tumor tissue have been found to contain a new 
type of component to which the name of proteolipides has been given (1). 
Proteolipides are lipoproteins having as constituents a lipide moiety and 
a protein moiety, but, while other known lipoproteins are soluble in water 
or salt solutions, proteolipides are insoluble in water and soluble in chloro- 
form-methanol mixtures; 7.e., their solubilities are akin to those of lipides. 
It is to emphasize this special feature that the name proteolipides has 
been coined. 

Proteolipides are found in all tissues that have been studied, with the 
exception of blood plasma. The tissue that is richest in them is white 
matter of brain in which proteolipide protein constitutes 2.0 to 2.5 per 
cent of the weight of wet tissue. Gray matter is the second richest tissue 
in them, closely followed by heart muscle. Kidney, liver, lung, skeletal 
muscle, and smooth muscle contain proteolipides in smaller amounts than 
do heart muscle or than brain. Brain tumors range between white matter 
and gray matter in proteolipide content. 

Most of the work reported here has been carried out on white matter. 
From it have been isolated three different proteolipide fractions, one of 
which was obtained consistently as a crystalline substance. 

The first indication of the existence of proteolipides was the observation 
that lipide extracts prepared from brain tissue, by a method described in 
an accompanying paper (2), and presumably free of non-lipide contami- 
nants, contained more N than could be expected from their phosphatide 
and cerebroside content. In an attempt to isolate the lipide fraction 
which contained this unidentified lipide N, it was found that, on drying 


* This work has been aided by a grant from the National Institutes of Health, 
United States Public Health Service, and grants from the American Cancer Society. 
Part of the data in this paper is taken from a thesis to be submitted by M. Lees to 
the Division of Medical Sciences of Harvard University in partial fulfilment for the 
degree of Doctor of Philosophy. 

+ Predoctoral Fellow of the National Institutes of Health, United States Public 
Health Service, 1947-50. 
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the extract by vacuum distillation of the solvents, part of the residye | teolipide 
had become insoluble in the same chloroform-methanol mixture, 2:1 by lipides ¢ 
volume, used for the original extraction of the tissue. The part of the proteoli 
residue that had become insoluble in this solvent mixture as a result of | in chlor 
drying was also insoluble in water. It was found to be protein material, to the s 
Further study established (a) that the amount of protein extracted with | All thre 
chloroform-methanol under the conditions used was always the same from moieties 
the same tissue and that it remained constant in spite of freezing and | "movil 
thawing the tissue prior to extraction or carrying out the extraction at obtaine: 
different temperatures within the range of —15° to the boiling point of hind a 
the solvent mixture (about 59°); (6) that taking the extract to dryness, cedure 
even under the mildest possible conditions, resulted invariably in render. | proteolt 
ing all of the protein present in the extract insoluble in the chloroform. | mains § 
methanol mixture; and (c) that washing the extract with water to free it anism. 
of non-lipide contaminants, as described elsewhere (2), did not result in | ton of 
any removal of protein from the extract. solvent 
In view of what is known about the properties of proteins, the foregoing | bave tt 
facts made it necessary to assume that the protein material being dealt | inte 
with was not a free protein but that it was combined with lipides in such The 
a way that the resulting compound or compounds offered an outside lipide } Pe ct 
surface. A study of possible procedures of isolation was started. Taking fractio 
the extract to dryness was out of the question, since it invariably resulted } followe 


in rendering the protein present insoluble in chloroform-methanol mix- hibits 
tures. Attempts at fractionation by addition of different solvents to the | °omditi 
extract proved unsuccessful. They resulted either in separating the pro- | &trac' 
tein in a form insoluble in chloroform-methanol mixtures or in the separa- what 
tion of fractions of protein content similar to that of the extract itself, | mety 
The following procedure was finally developed: A chloroform-methanol No. 
extract is placed in contact with at least 5-fold its volume of water. The tween 
material (“fluff”) which collects at the interphase is freely soluble in chlo- | 8") 


roform-methanol. From it two fractions (proteolipides A and B) have | ‘lip! 
been separated. The underlying chloroform solution can be concentrated | ll pr 
to dryness without the protein losing its solubility. From the residue, a betwe 
third proteolipide (C) has been separated. 

Details of the procedure of isolation of proteolipides A, B, and C and 
some information gathered on their properties and chemical composition An¢ 
are given in the experimental part. Proteolipide A is a mixture. Pro- | “escri 
teolipide B has been consistently obtained as a crystalline material and (6); t 
may or may not be a pure substance. It contains 50 per cent protein and Cu fo 
50 per cent lipides, the lipides being a mixture in equal proportions of Est 
phosphatides and cerebrosides. About half of the phosphatides appear to meth, 
be sphingomyelin as estimated by the method of Schmidt e¢ al. (3). Pro- acid. 
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teolipide C contains 75 per cent protein and 25 per cent lipides. The 
lipides are mostly phosphatides of the phosphoglyceride type. All three 
proteolipides are birefringent white powders, insoluble in water and soluble 
in chloroform-methanol mixtures which contain an amount of water close 
to the saturation point. Proteolipide C is also soluble in pure chloroform. 
All three proteolipides can be split into their lipide and protein constituent 
moieties by dissolving them in chloroform-methanol-water mixtures and 
removing the solvents by vacuum distillation. On extracting the residue 
obtained with the same solvent mixture, the lipides dissolve, leaving be- 
hind a protein residue. In the case of proteolipides A and B, this pro- 
cedure results in complete separation of the two moieties; in the case of 
proteolipide C, between one-fourth and one-third of the protein still re- 
mains attached to lipides as a chloroform-soluble compound. The mech- 
anism of action of this “denaturation” appears to depend on the separa- 
tion of the solvent mixture into two phases during the removal of the 
solvents by vacuum distillation. It is possible that proteolipides, which 
have the property of accumulating at interphases, are less stable when at 
an interphase than when in solution or in the solid state. 

The protein moiety from each of the three proteolipides contains 1.76 
per cent S and is resistant to tryptic action. Neurokeratin (4), a protein 
fraction prepared from brain tissue by prolonged extraction with solvents, 
followed by treatment of the tissue residue with trypsin and pepsin, ex- 
hibits the same features. Extraction of brain tissue by solvents under 
conditions different from those described in this paper results in incomplete 
extraction of proteolipide protein (2). Therefore, it is quite likely that 
what has been described as neurokeratin is for the most part the protein 
moiety of proteolipides. 

No exact information has been obtained on the nature of the bond be- 
tween lipide and protein in proteolipides. It does not depend for its in- 
tegrity on the presence of bound water (there is no loss in weight of pro- 
teolipides when they are heated at 100° im vacuo). The fact that 
all proteolipides are birefringent suggests that the spatial relationship 
between the constituent moieties is all important. 


EXPERIMENTAL 


Analytical Methods—Most of the analytical methods used have been 
described elsewhere (5). P has been estimated by the method of Sperry 
(6); total N, by wet digestion with sulfuric acid, potassium sulfate, and 
Cu followed by nesslerization of the digest (7). 

Estimation of S—S has been estimated by a modification of the Carius 
method in which aqua regia is used as a digesting agent instead of nitric 
acid. This modification was introduced because it was found that methi- 
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onine is only partly digested by nitric acid and is completely digested by 
aqua regia. SO, in the digest is titrated as benzidine sulfate. 

Testing Materials for Digestibility by Trypsin—The material to be tested 
is treated with 4 per cent its weight of 1:300 trypsin at pH 9.0 at 37° for 
2 weeks. Trypsin is added in two portions, one at the beginning and one 
on the 7th day. Toluene is used to prevent bacterial infection. At the 
end of the 2 week period, the whole digest is used for NH2-N estimation, 
Samples have always been run in duplicate; blanks have been run with 
trypsin alone. 

Estimation of Protein Present in Lipide Extracts—The amount of protein 
present in lipide extracts can be estimated directly by separation of the 
protein residue as described below, or, indirectly by computation from the 
amount of amino acids liberated by acid hydrolysis of the protein present. 
The lipide material is analyzed for a-amino acid N as described elsewhere 
(8). The value obtained represents mainly phosphatidyl serine. Then, 
a sample of material is hydrolyzed with 6 N HCl at 100° overnight. The 
hydrolysate is neutralized to brom phenol blue by successive dropwise 
addition of 18 Nn NaOH, 1 n HCl, and 0.2 Nn NaOH. Aliquots are taken 
for a-amino acid N analysis by the ninhydrin method of Van Slyke et al. 
(9). The amount of protein present in the material analyzed can be com- 
puted from the formula, per cent a-amino acid N in the material after 
acid hydrolysis minus the per cent a-amino acid N in the intact material 
X 12. The factor 12 is the quotient of the ratio 100/(8.5 — 0.15) and 
is derived from the fact that the isolated protein contains 0.1 to 0.2 per 
cent (average 0.15 per cent) a-amino acid N before acid hydrolysis and 
8.5 per cent after complete acid hydrolysis. 


Presence of Proteins in Washed Lipide Extracts from Tissues 


Chloroform-methanol extracts from tissues have been prepared by the 
method described in an accompanying paper (2). These washed extracts 
have been analyzed for proteins. In each case proteins present have been 
isolated by taking the washed extracts to dryness as described in the same 
paper (2). The insoluble protein residue has been collected on a filter 
paper and the material thus obtained has been analyzed for N, P, and for 
a-amino acid N before and after acid hydrolysis. These residues have 
been found to contain 11 to 12 per cent N, 0.2 to 0.4 per cent P, <0.2 per 
cent a-amino acid N before hydrolysis, and from 7 to 7.5 per cent a-amino 
acid N after acid hydrolysis. They give a strongly positive biuret test 
and are resistant to the action of trypsin. The following amounts have 
been found to be present in different tissues (expressed as mg. of proteo- 
lipide protein per gm. of wet tissue): brain white matter 20 to 25, brain 
gray matter 6.0, heart 3.48, kidney 1.95, liver 1.63, lung 0.94, smooth 
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muscle (uterus) 0.61, and skeletal muscle (biceps) 0.40. Brain tumors 
ranged between white and gray matter in their proteolipide content. No 
proteolipides have been found in blood plasma. 

Study of Proteolipide Protein from White Matter—From white matter, 
proteolipide protein has been isolated repeatedly, with a uniform yield of 
about 20 gm. of protein per kilo of fresh tissue. It is a residue insoluble 
in water and organic solvents which contains 12 per cent N, 0.3 to 0.4 per 
cent P, and 1.5 per cent S. On exhaustive extraction with boiling chloro- 
form-methanol, 2:1 mixture by volume, the composition of the residue 


TABLE I 
Composition of Protein Moiety from Proteolipides of White Matter of Brain 
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changes to 14 per cent N, <0.1 per cent P, and 1.76 per cent S. This 
appears to represent the proteolipide protein free of any significant amount 
of lipide contaminants. 

The residue is completely insoluble in water; it dissolves incompletely 
in N NaOH at room temperature, heating on a steam bath being necessary 
for complete solution. On analysis it is found to contain 0.1 to 0.2 per 
cent a-amino acid N and about the same concentration of NHN. On 
hydrolysis by 6 N HCl at 100° the values for a-amino acid N increase with 
length of time of hydrolysis, a value of 8.5 per cent a-amino acid N being 
reached after 8 hours and no significant increase being obtained after that 
time. In solution in alkali the material gives a strongly positive biuret 
test, but, owing to the fact already mentioned that it is necessary to use 
hot alkali to insure complete solution of the protein, the quantitative 
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biuret method for estimation of proteins (10) does not yield reproducible 
values. Table I gives an amino acid analysis on proteolipide protein from 
white matter for which we are indebted to Dr. 8S. Moore and Dr. W. H. 
Stein. It can be seen that 92.7 per cent of the N in this material has been 
accounted for. The balance probably includes tryptophan, which is de. 
stroyed during hydrolysis. 


Isolation of Proteolipides from Brain White Matter 


Extraction of Tissue and Separation from Extract of Fluff and of Chloro- 
form Phase—Unless otherwise stated, the procedure was carried out at 4°. 
Two 30 gm. batches of cattle white matter were each extracted with 600 
ec. of chloroform-methanol mixture, 2:1 by volume, by homogenizing for 
2 minutes in the Waring blendor. The two homogenates were combined 
and filtered. 1100 cc. of filtrate were obtained. A 1 liter Erlenmeyer 
flask was filled to the brim with extract and completely immersed in a 5 
gallon enamel porcelain pot nine-tenths filled with water. The mouth of 
the flask was 2 inches below the surface of the water. After standing for 
48 hours the Erlenmeyer flask was taken out of the water. It contained 
a lower transparent chloroform phase, an upper water phase, and a fluff at 
the interphase. As much water as possible was removed without disturb- 
ing the fluff and the flask was placed at —10°. After 6 hours the fluff 
had frozen, while the chloroform remained liquid. Fluff and chloroform 
were separated by filtration through a filter paper and funnel precooled 
to —10°. 

Processing of Fluff—The fluff on the filter paper and some that had 
remained on the walls of the flask were transferred to a 100 cc. centrifuge 
tube and centrifuged at 4° in an angle centrifuge at 4500 r.p.m. for 30 
minutes. At the end of the centrifuge run a certain amount of chloroform 
that had collected at the bottom of the tube was removed by means of a 
siphon. The centrifugation was repeated and some additional chloroform 
that had collected was removed. The procedure was repeated; no more 
chloroform collected at the bottom of the centrifuge tube. The contents 
of the tube were transferred to a 50 cc. aluminum centrifuge tube and 
centrifuged at 40,000 X g (15,000 r.p.m. with a 9 inch rotor) for 1 hour. 
After centrifugation the contents of the tube had separated into a water- 
clear supernatant and a precipitate. The supernatant was decanted and 
the precipitate was frozen by placing the tube at —10°. The frozen pre- 
cipitate was transferred to a 250 cc. beaker at 4° and to it were added 
50 cc. of chloroform and 25 ce. of methanol. The mixture was stirred. 
As the frozen precipitate thawed out, it contributed water to the system 
and soon two phases separated, giving the mixture a milky appearance. 
Stirring was continued and meanwhile methanol was added dropwise at 
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a rate of 3 or 4 cc. a minute until a one-phase system resulted, as shown 
by the mixture becoming transparent. 

Isolation of Proteolipide A—The solution of fluff was transferred to a 
100 cc. glass-stoppered cylinder. It had a volume of 90 cc. 10 cc. of 
methanol were added to the solution, the cylinder was stoppered, its con- 
tents mixed by repeated inversion, and the cylinder placed at —10°. After 
40 hours, a precipitate that had formed was collected on a filter paper and 
funnel precooled to —10°. The filter paper holding the precipitate was 
dried in a vacuum desiccator at room temperature to constant weight. 
1.2 gm. of a white powder were obtained (proteolipide A). 

Isolation of Proteolipide B—To the filtrate from proteolipide A was added 
an equal volume of acetone, and, after mixing, the solution was allowed 
to stand at 4° overnight. A precipitate that had formed was collected 
by centrifugation and dried in a vacuum desiccator at room temperature 
to constant weight. 0.6 gm. of a white powder was obtained (proteo- 
lipide B). 

Isolation of Proteolipide C—The chloroform phase, which had a volume 
of about 600 cc., was placed in a 1 liter heavy walled, round bottom flask 
and the solvent removed by vacuum distillation. To the residue in the 
flask were added 200 cc. of acetone; the acetone was brought to boiling by 
placing the flask in a water bath at 70°, the flask was removed from the 
bath, and the residue then carefully comminuted by means of a glass rod 
so as to insure intimate contact with the acetone. The flask was stop- 
pered and allowed to stand at 22° overnight. The next morning most of 
a clear supernatant could be decanted. The remaining acetone was then 
removed by vacuum distillation. To the residue were added 250 cc. of 
ether, which was brought to boiling. After thorough mixing of the resi- 
due with the ether, the flask was stoppered and placed at 4° overnight. 
The next day most of a clear supernatant could be decanted. The re- 
maining ether and the residue were separated by centrifugation at 2500 
r.p.m. for 30 minutes. After decanting the clear ether supernatant, the 
residue was dried in a vacuum. The dry residue was then dissolved in 
10 cc. of chloroform and to the chloroform solution were added 400 ce. of 
ethanol. The solution was mixed and allowed to stand for 2 hours at 22°. 
A precipitate formed. It was collected and dried in a vacuum desiccator. 
0.65 gm. of a white powder was obtained (proteolipide C). 

General Information on Procedure of Isolation of Proteolipides—The pro- 
cedure as described above has been repeated eight times with uniform 
yields of uniform products. The procedure must be run as rapidly as 
possible; undue delay results in the separation of partly insoluble proteo- 
lipides or of proteolipide B that cannot be recrystallized. The procedure 
may have to be varied on the two following points. Sometimes two cen- 
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trifugations of the fluff at 4500 r.p.m. do not suffice to remove all of the 
chloroform from the fluff. Thus, centrifugation should be repeated for 
as long as chloroform collects at the bottom of the tube. Sometimes in 
redissolving the fluff some material remains undissolved. In this case 
chloroform should be added until a milky appearance of the solution shows 
the separation of phases. After stirring for 30 seconds, enough methanol 
is added to form one single phase. Usually this results in complete dis- 
solution of the fluff. 

The composition of the fluff prepared as described is quite constant. 
It represents 30 per cent of the solutes in the original tissue extract. Its 
solids contain 3.9 to 4.3 per cent N, 10 to 11 per cent carbohydrate (as 
galactose), and 1.1 to 1.3 per cent P. It consists of about 20 per cent pro- 
tein, 30 per cent phosphatides, and 50 per cent cerebrosides. 

The solids in the chloroform phase account for about 62 per cent of the 
solids in the original extract. They consist of 8 to 9 per cent protein, 30 
to 35 per cent cholesterol, 5 to 10 per cent cerebrosides, and about 50 per 
cent phosphatides. In the process of isolation of proteolipide C from the 
solutes in the chloroform phase, acetone removes about 36 per cent of the 
solids, mostly cholesterol. Ether removes about 30 per cent of the solids, 
mostly phosphatides. Ethanol removes about 25 per cent, a mixture of 
phosphatides and cerebrosides. The yield of proteolipide C is about 8 to 
10 per cent of solids in the chloroform phase. 

Behavior of Proteolipides on Equilibration between Chloroform-M ethanol 
White Matter Extracts and Water—The distribution of proteolipides be- 
tween the chloroform phase and fluff after equilibration of the chloroform- 
methanol tissue extract with at least 5-fold its volume of water is affected 
by at least two factors. One appears to be the ratio, area of interphase 
to volume of extract. Thus, if 100 cc. of white matter extract are placed 
in a 100 cc. beaker and the beaker submerged in 1 liter of water, when 
equilibrium has been reached 80 to 90 per cent of the protein from the 
original extract is in the fluff, only 10 to 20 per cent remaining in the 
chloroform phase. When a 100 cc. aliquot of the same extract is placed 
in a 100 cc. cylinder and the cylinder immersed in 1 liter of water, only 15 
to 30 per cent of the protein is found in the fluff, 70 to 85 per cent remain- 
ing in the chloroform. Another factor that affects the distribution is the 
time of contact between extract and water, after equilibrium has been 
reached. Thus, if three 2 liter Erlenmeyer flasks are filled to the brim 
with chloroform-methanol extract of white matter and submerged in 50 li- 
ters of water, and the fluff in the different flasks is collected after 2, 4, 
and 6 days, respectively, it is found that the fluff contains 49 per cent 
of the proteins after 2 days, 53.5 per cent after 4 days, and 58 per cent 
after 6 days. 

Composition of Proteolipide A—This material is a birefringent white 
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powder. N 3.8 to 4.3 per cent, carbohydrate (as galactose) 14 per cent, 
and P 0.2 to 0.4 per cent. It consists of 20 per cent protein, 65 to 75 per 
cent cerebrosides, and 5 to 15 per cent phosphatides. It can be dissolved 
in chloroform-methanol-water mixtures by the following procedure. The 
powder is suspended in a small volume of water and to the suspension is 
added 10-fold its volume of chloroform. The mixture is shaken vigor- 
ously. It can be seen that the powder swells and loses some of its solid 
character. Soon it can be seen that no solid dry particles remain. Enough 
methanol is then added slowly to the mixture to bring water and chloro- 
form into one single phase with methanol. If some material remains un- 
dissolved, chloroform is added dropwise until the system becomes biphasic 
(as shown by a milky appearance). The mixture is shaken for a short 
time and one phase reformed by dropwise addition of methanol.  Solu- 
tions up to 10 per cent concentration can be prepared by this method. 

Proteolipide A is obviously a mixture of proteolipides and of free lipides. 
By many different procedures it is possible to separate from it pure lipide 
fractions without splitting the proteolipide. The constituent protein can 
be split from the lipide by drying solutions prepared as described. The 
isolated protein moiety contains 1.76 per cent S. It is trypsin-resistant. 

Composition of Proteolipide B—This preparation is a microcrystalline 
white powder. It consists entirely of well formed rosettes or spherules 
(Fig. 1). N 8.2 per cent, P 1.30 per cent, carbohydrate (as galactose 
1.0 per cent. It contains about 50 per cent protein, 20 per cent cerebro- 
sides, and 30 per cent phosphatides. It can be dissolved in chloroform- 
methanol-water mixtures by the procedure described for proteolipide A. 
Solutions up to a 10 per cent concentration have been prepared. Drying 
the solution results in separating the constituent protein from the consti- 
tuent lipides. The protein thus obtained contains 1.76 per cent S and 
is trypsin-resistant. From this solution, proteolipide B can be recrystal- 
lized by addition of an equal volume of acetone to the solution. The 
composition of the crystals is the same as that of the original proteolip- 
ide B. 

In spite of the fact that these crystals have been obtained eight different 
times with the same composition, and that their composition does not 
change on recrystallization, the authors make no claim that proteolipide B 
is a pure substance. The reason for this reservation is 2-fold. On one 
hand, it is felt that crystallinity alone is not sufficient proof of the purity 
of a substance such as a proteolipide, about the behavior and properties 
of which much remains to be learned. On the other hand, by introducing 
slight changes in the procedure of isolation described, it is possible to 
obtain crystals that have a different composition than that reported here. 
The composition of these crystals does not change on recrystallization. 
In preference to claiming that a number of different pure substances have 
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been isolated, the authors feel that maybe what is being dealt with is 
phenomenon of isomorphic crystallization of one or more  proteolipides 
with cerebrosides. 

Composition of Proteolipide C—This material is obtained as a birefrin- 
gent white powder. N 10.5 to 11 per cent, P 1.30 per cent, carbohydrate 
(as galactose) 1 per cent. It consists of 70 to 75 per cent protein, the 
balance being mainly phosphatides. It is soluble in chloroform and in 
chloroform-methanol mixtures without addition of water. These solutions 
can be dried without splitting the bond between the constituent. lipides 





Fic. 1. Photomicrograph of proteolipide B in polarized light. Magnifieation 
SO X. 


and proteins. However, if 5 per cent water is added to a solution of pro- 
teolipide © in a chloroform-methanol mixture and the solution dried, the 
bond between the lipide and protein moieties is split, although about 25 
per cent of the protein present still remains soluble in the chloroform. 
This suggests the possibility that there is in proteolipide C & proteolipide 
fraction that is not split by drying from solutions in chloroform-methanol- 
water mixtures. The protein moiety isolated from proteolipide C con- 
tains 1.76 per cent S and is trypsin-resistant. ; 


SUMMARY 


I. ‘Tissues contain substances to which the name of proteolipides has 
been given. These are lipoproteins which exhibit solubilities quite  dif- 
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ferent from the solubilities of other known lipoproteins. Thus, while the 
latter are usually soluble in water or dilute salt solutions, proteolipides 
are insoluble in water and freely soluble in chloroform-methanol-water 
mixtures. 

2. Proteolipides are present in the foiiowing tissues that have been stud- 
ied and which are listed in order of decreasing content of proteolipides: 
brain white matter, brain tumors, brain gray matter, heart, kidney, liver, 
lung, smooth muscle, and skeletal muscle. They are absent from blood 
plasma. 

3. From white matter three different proteolipide fractions have been 
isolated. One of them has been consistently obtained as a crystalline 
compound. The other two are birefringent powders. All three are insol- 
uble in water and soluble in chloroform-methanol-water mixtures. Their 
protein moieties contain 1.76 per cent S and are resistant to the action 
of trypsin. 
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ISOLATION OF BRAIN STRANDIN, A NEW TYPE OF LARGE 
MOLECULE TISSUE COMPONENT* 


By JORDI FOLCH, 8. ARSOVE, anno J. A. MEATHT 


(From the McLean Hospital Research Laboratories, Waverley, Massachusetts, and the 
Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, February 3, 1951) 


This paper reports the isolation from brain tissue of a substance to 
which the name of strandin has been given for descriptive purposes. This 
term has been chosen because, when dried from aqueous solution, strandin 
has the property of forming long strands that show perfect orientation 
under polarized light. As isolated from brain by any one of the three 
procedures described below, strandin is an electrophoretically homoge- 
neous compound. By ultracentrifuge studies, it is shown to have a main 
component with a minimal molecular weight of 250,000. It is soluble 
in water and chloroform and is extracted quantitatively from the tissue 
with chloroform-methanol mixtures (1). Chemically, it can be classified 
as a lipide, since among its constituents are found fatty acids and sphingo- 
sine or a sphingosine-like substance. However, many of its properties are 
quite different from those of a typical lipide. 

Strandin is found in gray matter in relatively large concentration; 2.e., 
6 to 7 mg. per gm. of wet tissue. It is found in white matter at one-tenth 
its concentration in gray matter and in brain tumors in concentrations 
larger than in white matter and smaller than in gray matter. In other 
tissues that have been studied, namely, heart, skeletal muscle, uterus, 
lung, liver and kidney, strandin is found in very small amounts; 7.e., <0.01 
per cent. 

The first evidence obtained for the presence of strandin in brain tissue 
was the observation that brain lipides, freed of proteolipide protein (1) 
by drying under adequate conditions, and of non-lipide contaminants by 
dialysis, contained more NH2-N (after acid hydrolysis) than could be ex- 
pected from their cephalin content. In a search for the lipide or lipides 
that were the source of this non-cephalin NH:-N (after acid hydrolysis), 
it was found that a fraction of brain lipides that was available as a by- 
product in the preparation of cephalin was especially rich in it. From 
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this material, by a procedure described below (Procedure A), a fraction 
was separated in low yield which contained 1.0 per cent NH2-N (after 
acid hydrolysis) and which appeared to be a lipide different from any of 
the known lipides. This isolation has already been reported in a prelim. 
inary note (2). This new lipide was found to be freely soluble in water 
in true solution and also to contain as a constituent a chromogenic radical 
that darkened on treatment with 6 N HCl at 100° for a short period of 
time. This latter observation became the basis of a method for the quan- 
titative estimation of the new lipide fraction. This method proved to be 
a valuable tool for following the fate of the new lipide in pilot fractiona- 
tions that were carried out in an attempt to develop satisfactory pro- 
cedures for its preparation from brain tissue. It made possible the 
eventual development of two procedures for preparing strandin in good 
yields. 

One of these, Procedure B, follows for the most part the general lines 
of classical methods for fractionation of lipides in the sense that it depends 
on the solubilities of strandin in various solvents. The other procedure 
(partition-dialysis) is based on the facts that strandin is freely soluble in 
water and that it is undialyzable. A chloroform-methanol extract (1) 
from gray matter is dialyzed against frequently renewed water. An aque- 
ous layer that forms inside the bag is collected and dried. The residue 
obtained shows the typical strandin strands. It is identical with that 
obtained by the other two procedures, with one minor exception, noted 
below. 

From the study of its physical properties, strandin appears to be either 
a pure substance in different states of aggregation, or a mixture of closely 
related compounds. All preparations studied have been found to be ho- 
mogeneous in the electrophoretic field in which they act as negatively 
charged molecules over the range pH 8.6 to 1.38 in which electrophoretic 
patterns have been obtained. Ultracentrifuge analysis, for which we are 
deeply indebted to Professor J. L. Oncley of the Harvard Medical School, 
has shown strandin to contain two components, one with a sedimentation 
constant of s 11 and a second one with a sedimentation constant of s 16. 
The first one is the most abundant and constitutes four-fifths of prepara- 
tions of strandin obtained by the partition-dialysis method. Since the 
partial specific volume of strandin has been found to be 0.78, if it is as- 
sumed that the main component of s 11 has a molecule of spherical shape, 
the calculated molecular weight is about 250,000. This is a minimal 
value; if strandin has a molecule of asymmetrical shape, the value ob- 
tained would be much larger. That the molecule is not very asymmetrical 
in shape is indicated by the fact that strandin solutions do not show any 
marked birefringence of flow. 
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Attempts to check the molecular weight of strandin by osmotic pressure 
measurements, for which we are indebted to Dr. J. Bourdillon of the Di- 
vision of Laboratories and Research of the New York State Department 
of Health, have shown the material to be unsuitable for reliable measure- 
ments, but such values as have been obtained are consistent with the idea 
that strandin preparations are of a very large molecular size. 

Results from the study of the chemistry of strandin can be summarized 
as follows: Strandin prepared by Procedures A and B contains 2.6 per cent 
N, <0.2 per cent P, and <0.2 per cent S. Among its constituents, five 
different radicals have been recognized: a water-soluble primary amine, 
which is combined to the rest of the molecule through its NH»: group 
and which may be glucosamine; a sphingosine or a sphingosine-like sub- 
stance; a fatty acid; a carbohydrate, which is not glucosamine; and a 
chromogenic group, which darkens on treatment with 6 N HCl at 100° 
for a short period of time. 

Strandin prepared by the partition-dialysis method appears to be iden- 
tical with that obtained by the other methods, with the exception that it 
contains a small amount of amino acids in combination (0.2 to 0.4 per cent 
a-amino acid N after acid hydrolysis; none before hydrolysis). These 
combined amino acids may represent a small amount of protein impurities, 
or may be due to the fact that there are two closely allied strandins, one 
having a primary amine as a constituent and the other having an amino 
acid. The relationship between these two hypothetical strandins would 
be similar to that between phosphatidyl ethanolamine and phosphatidyl 
serine. 

It is possible that all major strandin constituents have been recognized. 
If it is assumed that the primary amine is glucosamine and that the water- 
insoluble nitrogen (after acid hydrolysis) is sphingosine, the sum of these 
two residues, plus carbohydrate, plus fatty acids, accounts for over 70 
per cent of the weight of strandin. The balance would include chromo- 
genic material and phosphatides and sulfatides present as contaminants. 

The foregoing information on the chemistry of strandin shows that a 
new compound or group of compounds is being dealt with. Its low phos- 
phorus and sulfur content shows it to be neither a phosphatide nor a sul- 
fatide. The presence of a constituent water-soluble primary amine shows 
that it is not a cerebroside. That strandin is different from gangliosides 
(3) has been established by an analysis of strandin for neuraminic acid 
by the method of Klenk and Langerbeins (4) which shows strandin to 
contain at the most 1.5 per cent neuraminic acid as compared with 21 to 
24 per cent neuraminic acid in gangliosides. 

Essentially no other progress has been made towards establishing the 
structure of strandin. Repeated attempts to isolate some of its different 
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constituents as pure substances have failed. A reason for this failure may 
be that strandin is a very complex molecule and that each of the five dif. 
ferent constituent radicals that have been recognized is not a single sub. 
stance but a mixture of closely related compounds. 

Strandin cannot be extracted from gray matter or from brain tumor 
tissue with 5 per cent aqueous trichloroacetic acid. Since strandini itself 
is freely soluble in such solutions and strandin added to the tissue can be 
recovered quantitatively by extraction of the tissue with trichloroacetic 
acid, it is necessary to conclude that, in tissue, strandin is bound to some 
other component, presumably a protein. 


EXPERIMENTAL 


Analytical Methods—Most of the methods used have been enumerated 
elsewhere (5). 

Quantitative Estimation of Strandin—A sample containing between 0.1 
and 2 mg. of strandin is placed in a 15 cc. centrifuge tube. If the sample 
is an aliquot of extract, the solvents are removed as described elsewhere 
(6). 0.5 ec. of water is added and the tube let stand until the residue has 
formed an emulsion in the water. To the emulsion is added 0.5 cc. of 
concentrated HCl, and after mixing by twirling, the tube is placed in a 
boiling water bath for exactly 15 minutes. It is removed from the bath, 
cooled under the tap, and 5 ce. of acetone are added to its contents. The 
contents are stirred thoroughly, and the tube is stoppered with a cork 
stopper and centrifuged for 10 minutes at 2500 r.p.m. The transparent 
supernatant solution is decanted into a colorimeter tube of 18 mm. diam- 
eter and light transmittance read at a wave-length of 475 my in the junior 
Coleman spectrophotometer which has been set to 100 per cent transmit- 
tance against an adequate blank. The amount of strandin present in the 
sample is read from a standard curve. 

Reliability of Method—The procedure described above was arrived at 
after a study of the effect of the length of time of heating on the intensity 
of the color produced with different amounts of strandin. It was found 
that the intensity of color reached a maximum on heating for 15 minutes, 
no significant increase in color intensity developing on longer time of heat- 
ing, and that, for concentrations of strandin between 0.1 and 2.5 mg. per 
cc. of 6 N HCl, the intensity of color produced was proportional to the 
concentration of strandin according to Beer’s law. 

The specificity of the method for strandin has been established by deter- 
mining the amount of color produced by 15 mg. samples of each of the 
following substances: serine, ethanolamine, choline, inositol, glycerol, gly- 
cerophosphoric acid, oleic, palmitic, stearic, and linoleic acids, galactose, 
glucose, ribose, sphingosine, cholesterol, phosphatidyl serine, phosphatidyl 
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ethanolamine, lecithin, total ether-soluble brain lipides, cerebrosides, etc. 
In all cases, the color produced was less than the amount produced by 0.15 
mg. of strandin. The specificity of the method was also established by 
determining the amount of color produced by known amounts of strandin 
added to 15 mg. samples of the substances enumerated above. It has 
been found that the amount of color produced is the same in the presence, 
or in the absence, of any one of those substances. 

In summary, the method described yields reliable data on any lipide 
mixture containing more than 1 per cent of the new lipide. Duplicate 
estimations check usually within +1 per cent. 


Procedure A for Preparation of Strandin 


The starting material is a lipide fraction which is obtained as a by-prod- 
uct from the preparation of cephalin by a method described in detail else- 
where (7). Brain tissue is extracted in succession twice with acetone, 
once with ethanol, and twice with petroleum ether. The petroleum ether 
extracts are combined, the solvent removed by vacuum distillation, the 
residue suspended in ether, and the ether suspension placed in the ice box 
until a clear supernatant separates. The ether-insoluble residue is col- 
lected by centrifugation. It is dissolved in 10 parts by weight of chlo- 
roform; the solution is diluted 3-fold with methanol, allowed to stand at 
22° overnight, and filtered. The filtrate is concentrated to half its vol- 
ume. To it is added an equal volume of methanol and the solution let 
stand at 22° for 24 hours. The precipitate that forms is collected on a 
Biichner funnel and dissolved in a chloroform-methanol mixture, 4:6 by 
volume, in the proportion of 10 ce. of solvent mixture per gm. of material. 
The solution is placed at —10° for 24 hours. A precipitate that forms is 
dissolved in the same solvent mixture at the same concentration as above 
and the solution placed at —10° for 24 hours. The precipitate that forms 
is treated once more in the same manner. The precipitate finally ob- 
tained is dissolved in 30 parts by weight of acetic acid at 60° and the solu- 
tion allowed to stand for 24 hours at 22°. A precipitate forms which is 
removed by centrifugation. To the supernatant are added 6 volumes of 
acetone and the mixed solution is allowed to stand at 22° for 24 hours. 
The precipitate that forms is collected by centrifugation, washed twice 
with acetone, and dried. It represents about 3 per cent of the starting 
material; 7.e., about 0.3 mg. per gm. of wet weight of brain tissue. The 
material obtained is a birefringent hard white powder. It is soluble in 
chloroform and water and insoluble in ether, methanol, ethanol, and ace- 
tone. When an aqueous solution is dried in a vacuum desiccator, the 
residue consists of a mass of strands with a glass wool-like appearance. 
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Procedure B for Preparation of Strandin 


The procedure is run at 4° unless otherwise stated. Cattle brains gb. 
tained at the slaughter-house are freed of membranes. Gray matter jg 
obtained by gross dissection. This dissection need not yield pure gray 
matter, but tissue that can be described as being predominantly gray 
matter. 30 gm. portions of tissue are extracted with 600 cc. of chloro- 
form-methanol mixture, 2:1 by volume, in a Waring blendor, which is run 
for 2 minutes. The extract is filtered. The filtrate is taken to dryness 
by vacuum distillation of the solvents and the residue is emulsified jn 
about 2 cc. of water per gm. of starting tissue. The emulsion is placed in 
cellophane bags and dialyzed against distilled water for 3 days, the outside 
water being changed twice daily. After dialysis, the emulsion is lyophi- 
lized. To the residue in the lyophilizing flask is added a volume of ethyl 
ether corresponding to 1 cc. of solvent per gm. of starting tissue. The 
flask is warmed to bring the ether to the boiling point. The container is 
allowed to cool, stoppered with a cork stopper, and placed in the ice box 
overnight. A clear ether supernatant can be decanted without difficulty, 
except for a small portion which is separated from the ether-insoluble 
residue by centrifugation at 2500 r.p.m. for 30 minutes. As much as 
possible of the resulting clear ether supernatant is removed with a siphon 
and the ether-insoluble material is freed of residual ether by gently blow- 
ing a current of nitrogen over its surface. The removal of ether does not 
need to be complete. To the ether-insoluble material is then added an 
amount of chloroform-methanol mixture, 2:1 by volume, corresponding 
to 0.25 cc. of solvent mixture per gm. of starting tissue. The solvent mix- 
ture is brought to the boiling point, and methanol is added slowly to the 
solution in the proportion of 0.17 cc. per gm. of starting tissue. The ad- 
dition of methanol should take about 30 seconds. The container is al- 
lowed to cool, stoppered with a cork stopper, and placed at —10° for 24 
hours. At the end of the 24 hour period, the insoluble material is col- 
lected over a Biichner funnel, precooled to —10°. The insoluble material 


is transferred back to the same container. The addition of chloroform- | 


methanol mixture, 2:1 by volume, followed by bringing the solvent to 
boiling, addition of methanol, etc., as described above, is repeated. The 
insoluble material on the Biichner funnel is transferred to a boiling flask 
and is extracted for 2 hours under a reflux with boiling chloroform-meth- 
anol mixture, 2:1 by volume, in the proportion of 0.25 ec. of solvent mix- 
ture per gm. of starting tissue. The hot mixture is then filtered through 
a Biichner funnel. 

The filtrate is dried by vacuum evaporation of the solvents. The res- 
idue is transferred to a glass-stoppered cylinder and to it is added chloro- 
form in the proportion of 0.09 cc. per gm. of starting tissue. Part of the 
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chloroform can be used to insure the quantitative transfer of the residue. 
Usually, the residue gces completely into solution in the chloroform. ‘To 
the solution are then added in succession methanol and ethanol in the 
proportions of 0.06 and 0.03 ce. per gm., respectively, of starting tissue. 
The solvents are mixed by inverting the stoppered cylinder, care being 
taken to relieve the pressure by removing the stopper after each inversion 
of the cylinder, since the mixing of the three solvents used results in a 
slight heating of the mixture. To the solution is finally added water in 
the proportion cf 0.06 cc. of water per gm. of starting tissue. In sum- 
mary, chloroform, methanol, ethanol, and water are used in the relative 
proportions by volume of 3:2:1:2. The cylinder is inverted about 200 
times. A milky mixture results, which on standing overnight resolves 
slowly into two transparent phases of about equal volume. The upper 
phase is collected by means of a siphon, concentrated by vacuum distil- 
lation, and finally dried in a vacuum desiccator. The residue shows some 
of the strands typical of strandin. It amounts to about 2 per cent of all 
the solutes in the original tissue extracted; @.e., 1.2 to 14 gm. per kilo of 
eray matter. It is still only 75 to 85 per cent pure as compared to the 
purest preparations that have been obtained. 

To purify it further, the material is dissolved in 20 parts of acetic acid 
by weight at 60°. The procedure followed is then exactly as described 
under Procedure A. The yield of strandin is about 0.9 gm. per kilo of 
starting tissue. 


Preparation of Brain Strandin by Partition-Dialysis Method 


The procedure is run at 4° unless otherwise stated. A chloroform-meth- 
anol extract of gray matter is prepared as in Procedure B. 250 ce. ali- 
quots of the extracts are placed in 70 em. lengths cf cellophane! dialysis 
tubing of 28 mm. diameter, and the bags are submersed vertically in water 
and let stand for 3 days. There should be at least 5 times as much water 
as extract. The outside water is changed twice daily. As water enters 
the bag, the contents become milky. After a few hours the contents start 
clearing simultaneously at the top and at the bottom of the bag. Both 
clear zones progress slowly towards each other and after 24 hours the con- 
tents consist of a transparent water phase in its upper half, a transparent 
chloroform phase in its lower half, and a fluff at the interphase. After 3 
days the bags are removed from the water and the water phase collected 
and concentrated by vacuum distillation. When the volume of the solu- 

' Under the conditions described, cellophane yields a dark oily material in 
amounts of about 0.4 mg. per sq. em. of surface of the cellophane. This material is 
water-soluble and freely dialyzable. It is removed completely from the system by 
changing the outside water repeatedly. 
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tion is only a few cc., it is transferred to a cellophane bag and dialyzed for Ultr 
3 more days against 100-fold its volume of water, the water being changed volum 
twice daily. Finally, the solution inside the bag is collected and dried strand 
in a vacuum desiccator. 
A glass wool-like residue is obtained with the characteristic long strands 
of strandin. The yield of strandin is 3 to 3.5 gm. per kilo of gray matter, 
Properties of Strandin—Unless specifically stated, the following applies 
to strandin prepared by any of the three methods descriked. Strandin js 
freely soluble in water, in chloroform, sparingly soluble in acetic acid, and 
insoluble in ether and acetone. When obtained from solutions in organic 
Fic 
Proce¢ 
isont 
are in 
Fig. 1 Fia. 2 
Fig. 1. Strandin strands. Magnification 25 X. 
Fic. 2. Strandin strands under polarized light. Magnification 25 X. Meth 


solvents, either by drying or by precipitation, it is a hard white powder, 
which in the polarizing microscope can be seen to consist of markedly P 
birefringent microscopic strands. When obtained by drying its water 
solution, strandin invariably forms long glimmering strands (Fig. 1) which 


P 
are strongly birefringent and show perfect orientation when viewed with 
polarized light (Fig. 2). 

Electrophoretic Study of Strandin—Electrophoresis patterns of strandin 
have been obtained in 0.1 M veronal buffer at pH 8.6, in 0.1 Mm acetate 
buffer at pH 4.7, in 0.1 m citrate buffer at pH 2.0, and in 0.1 m HCl-gly- obta 
cine buffer at pH 1.38. In all cases, single sharp ascending and descend- Ther 
ing boundaries have been obtained (Fig. 3). At all these pH values used, appl 
strandin behaves like a negatively charged molecule. Values for mobility out 
measurements at pH 8.6 are 4.69 & 10-* cm? per volt per second and are | 
at pH 1.38, 6.03 X 10-* cm.’ per volt per second. gene 
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Ultracentrifuge Analysis of Strandin—For this work, the partial specific 
volume of strandin was estimated on three different concentrations of 
strandin: 2, 1, and 0.5 per cent. Values from 0.77 to 0.79 per cent were 





Fic. 3. Electrophoretic patterns of a 1 per cent solution of strandin, obtained by 
Procedure A, in 0.1 M barbiturate buffer at pH 8.6 and 2°. The ascending boundary 
is on the left : the descending boundary on the right. The scanning exposures below 
are initial boundaries; scanning exposures above, after 60 minutes of electrophoresis. 


TABLE [| 


Results of Ultracentrifuge Analysis of Strandin Preparations 


Components, per cent of strandin 


Method of strandin preparation ; : = 
Slow Main Fast 


Solvent . F 
2 impurity component shoulder 


Procedure A 0.10 m NaCl buffered + 57 39 
with phosphate (['/2 = (s 2) (s 10) (s 13) 
0.05) to pH 7.0-7.1 
Partition-dialysis Same as above 77 23 
(s 11) (s 16) 
“ 0.15 mM NaCl unbuffered, 83 17 
pH 4.7 (s 11) (s 16) 


obtained. No special precautions were taken to attain high accuracy. 
Therefore, the average value of 0.78 per cent given here is considered an 
approximation to the true value. The ultracentrifuge analysis was carried 
out by Professor J. L. Oncley. Results with three different preparations 
are given in Table I. It can be seen that, while not completely homo- 
geneous, preparations obtained by the partition-dialysis method contain a 
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main component which comprises four-fifths of the substance. While the ment of 
two different components observed may indeed represent two different brown-c 
substances, they may also ke one single substance in different states of with eqt 
aggregation, The calculated molecular weight for the main component, solution 
s 11, V = 0.78, would ke about 250,000 for a spherical molecule. This present 
appears to be the minimal possible value for the molecular weight of Fatty 
strandin. acta of 
Chemistry of Strandin—Strandin prepared by Procedures A and B had hydroly 
the following per cent composition: C 50, N 2.6, P <0.2, 8 <0.2, NH.-N us cool : 
<0.1, a-amino acid N <0.1, NH2-N (after acid hydrolysis) 1.15 (all of it are mix 
water-soluble), a-amino acid N (after acid hydrolysis) <0.1, carbohydrate trifugat 
(as galactose) 20 to 21, water-soluble N (after acid hydrolysis) 1.3, water- with w: 
insoluble N (after acid hydrolysis) 1.3, and neuraminie acid <1.5 per heavily 
cent. dark m 
The only difference between strandin prepared by the partition-dialysis the act 
method and that by Procedures A and B is that the former contains com- amorpk 
bined amino acids: a-amino acid N, after hydrolysis, 0.2 to 0.4 per cent, allowed 
before hydrolysis, <0.02 per cent. The possible significance of this find- cipitate 
ing has already been discussed. acetone 
Nature of Nitrogen in Strandin—On acid hydrolysis with 6 x HCl at represe 
100°, nitrogen in strandin separates into two equal parts, half of it being alent, { 
water-insoluble (and chloroform-soluble) and half water-soluble. The The 
water-insoluble nitrogen must represent sphingosine or a sphingosine-like proved 
substance. The water-soluble nitrogen is 90 per cent NH»-N, which reacts tained 
quantitatively with nitrous acid in about 3 minutes (8). By the method 100° o 
of Elson and Morgan (9) for estimation of free glucosamine, the water- ether 
soluble fraction from acid hydrolysates of strandin shows a glucosamine formec 
content that accounts for all NH»-N present. This suggests that the finally 
amine may be glucosamine, but constitutes no final proof. “awe 
Nature of Carbohydrate Growp in Strandin—The carbohydrate content the ws 
of 20 to 21 per cent of strandin, given by reaction with orcinol, is not residu 
changed after acid hydrolysis with 6 x HCl at 100° for several hours or the re 
after alkaline hydrolysis with 2 N NaOH at 100° for 2 hours, the only which 
length of time of hydrolysis that has been tested. This proves that if the acetot 
carbohydrate is galactose it must be combined in strandin as a galactoside, about 
since free galactose is completely destroyed by alkali treatment as de- alent, 
scribed. Since amino sugars in general (10), and glucosamine in particu- The 
lar, do not give any color on reaction with oreinol, the possibility that the sis co 
‘arbohydrate group might be identical with the NH.-N-bearing group is in wh 
also eliminated. Finally, that the carbohydrate is not identical with the was 3 
chromogenic group is shown by the following experiment. Strandin is Na 
treated with 6 N HCl at 100° for 15 minutes, which results in full develop- prese 
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ment of the brown color from the chromogenic group. After cooling, the 
brown-colored solution is filtered and the filtrate treated in succession 
with equal volumes of amyl alcohol and ethyl ether. An almost colorless 
lution is obtained which is found to contain all of the carbohydrate 
present in the original strandin. 

Fatty Acids in Strandin—Fatty acids can be separated from the prod- 
ucts of alkaline or acid hydrolysis of strandin as follows: Strandin is 
hydrolyzed with 6 N HCl at 100° for 2 hours. The hydrolysate is allowed 
to cool and an equal volume of chloroform is added to it. The two phases 
are mixed by adequate stirring. After separation of the phases by cen- 
trifugation, the dark chloroform solution is collected. It is washed twice 
with water and taken to dryness. A crystalline residue of fine needles, 
heavily contaminated with a dark amorphous material, is obtained. The 
dark material is the product of destruction of the chromogenic group by 
the action of the acid. The residue is leached with acetone. Most of the 
amorphous dark material remains undissolved. The acetone solution is 
allowed to stand overnight at 0°. Some dark amorphous material pre- 
cipitates. The clear supernatant is allowed to dry by evaporation of the 
acetone at room temperature. <A residue of fine needles is obtained which 
represents 25 per cent of the starting amount of strandin. Neutral equiv- 
alent, 310 to 320 for different preparations. 

The isolation of fatty acids from strandin after alkaline hydrolysis 
proved to be a technically difficult problem. No fatty acids were ob- 
tained when strandin was saponified with 10 per cent aqueous NaOH at 
100° overnight, and the product acidified to pH 2 and extracted with ethyl 
ether and petroleum ether. Chloroform could not be used because it 
formed an inseparable emulsion with the product. Fatty acids were 
finally separated by extracting repeatedly the acidified saponification prod- 
uct with twice its volume of acetone. After four such treatments, all of 
the water from the product had passed into the acetone, leaving behind a 
residue of sodium chloride. The combined acetone extracts were dried, 
the residue leached with acetone, and the solution dried. The residue, 
which consisted of fine needles and some dark material, was leached with 
acetone, and the solution dried. The residue of fine needles represented 
about 15 per cent of the weight of the starting strandin. Neutral equiv- 
alent, 310. 

The crystals of fatty acid obtained either by alkaline or by acid hydroly- 
sis contained small concentrations of N, 0.4 to 0.8 per cent. In one case 
in which nitrogen-free needles were obtained, the neutral equivalent value 
was 306. These needles melted sharply at 55°. 

Nature of Chromogenic Group in Strandin—The only evidence for the 
presence of such a group is the production of brown color when strandin 
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is heated with 6 N HCl at 100°. That the production of this color js at. 
tributable to a specific constituent and not to the whole strandin molecule 
is shown by the fact that, after alkaline hydrolysis with 2 N NaOH at 100° 
overnight, the hydrolysate, on being treated with 6 N HCl at 100° for 15 
minutes, produces the same intensity of brown color as the intact strandin, 
That this chromogenic residue is distinct from the other four residues de. 
scribed is shown by the fact that it is the only one to be destroyed by short 
time acid hydrolysis. 

Free Acid Groups in Strandin—As isolated by the methods described 
here, strandin contains small amounts of inorganic cations. These can be 
removed as follows: Strandin is dissolved in 0.1 N HCl, and the solution 
dialyzed exhaustively against cold distilled water and dried. A residue 
consisting of typical strandin strands is obtained. Neutral equivalent to 
pH 8.2, 1500. The acid groups in strandin must be carboxyl groups, since 
the amounts of P and § present in strandin are not enough to provide more 
than a small fraction of the titratable acidic groups present. 


SUMMARY 


1. From brain tissue a substance of high molecular weight has been 
isolated, to which the name of strandin has been given because, on drying 
from aqueous solutions, it forms strands which show good orientation 
under polarized light. It is freely soluble in water and chloroform. It is 
extracted from tissue with a 2:1 chloroform-methanol mixture by volume. 
It is especially abundant in gray matter. 

2. Strandin contains 2.6 per cent N, <0.2 per cent P, and <0.2 per 
cent S. It contains <1.5 per cent neuraminic acid. Among its constit- 
uents are fatty acids, sphingosine or a sphingosine-like substance, carbo- 
hydrate, a primary amine which is combined in strandin through its 
NH, group, and a chromogenic group. The latter is destroyed quan- 
titatively with production of brown color on heating with 6 N HCl at 100° 
for 15 minutes. This has been used for the development of a method for 
the estimation of strandin. 

3. Strandin has been prepared by three different methods. Essentially 
identical products have been obtained. They are all electrophoretically 
homogeneous and in the ultracentrifuge they show a main component 
(80 per cent), with a minimal possible molecular weight of 250,000. 
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PREPARATION OF LIPIDE EXTRACTS FROM BRAIN TISSUE* 


JORDI FOLCH, I. ASCOLI, M. LEES,{t J. A. MEATH,f 
AND F. N. LEBARON 


(From the McLean Hospital Research Laboratories, Waverley, Massachusetts, and the 
Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, February 3, 1951) 


For the preparation of lipide extracts from tissues, the method of Bloor 
(1), either in its original form or with slight modifications, has been a 
standard procedure. This method consists in extracting the tissue with 
a mixture of ethyl alcohol and ether. Since the extract obtained is known 
to contain non-lipide contaminants, it is usually taken to dryness and the 
residue extracted with a solvent, such as chloroform or petroleum ether, 
which exhibits a highly specific solvent power for lipides. However, the 
secondary extracts obtained have been shown to contain substances other 
than lipides (2, 3). 

In the case of nervous tissue, it has been common experience that all of 
the lipides present in tissue are not extracted by Bloor’s procedure (4, 5). 
Thus, different workers have found it necessary to introduce a subsequent 
extraction of the tissue with another solvent of higher solvent power for 
lipides than Bloor’s mixture. This second solvent has usually been chloro- 
form (4, 5). The methods thus developed are time-consuming, compli- 
cated, and, owing to the fact that they involve protracted treatment of 
the tissue with boiling solvents, they are open to the general objection 
that the procedure followed results in changing the chemical nature of 
some of the lipides. Furthermore, the extracts thus obtained are known 
to contain non-lipide contaminants (4, 5). 

This paper describes a simple method for the preparation of extracts 
of total pure lipides from brain tissue. The method consists of homoge- 
nizing the tissue with a chloroform-methanol mixture. The clear lipide 
extract thus obtained is then washed free of non-lipide contaminants by 
being placed in contact with a large amount of water. The whole pro- 
cedure can be run at 0° and thus any danger of chemical changes in lipides 
is reasonably excluded. 


* This work has been aided by a grant from the American Cancer Society recom- 
mended by the Committee on Growth of the National Research Council. 

t Predoctoral Fellow of the National Institutes of Health, United States Public 
Health Service, 1947-50. 

t Postdoctorate Fellow of the National Institutes of Health, United States Public 
Health Service, 1947-49. 
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The usefulness and limitations of the method can be outlined as follows: 
(a) by this method all of the proteolipides (6), all of the strandin (7), and 
all of the lipides, with the exception of a constant amount of brain diphos. 
phoinositide, which is not extracted because it is bound to a protein frae- 
tion by a bond that is resistant to solvent action, are extracted from brain 
tissue; (b) the washing procedure frees the extract of all non-lipide con- 
taminants. It also removes most of the strandin and about 1 per cent of 
lipides (other than strandin) present in the extract. The lipides removed 
in the washing appear to consist mainly of brain diphosphoinositide. 

The high efficiency of the washing procedure described requires some 
explanation. It does not depend for its mechanism of action on simple 
diffusion across a stable interphase, but on a complex sequence of events 
that can be outlined as follows: When the extract and water come in con- 
tact, methanol diffuses from the extract into the water. This leaves chlo- 
roform in the extract side of the interphase and this chloroform, being 
heavier than the rest of the extract, flows downward into the mass of the 
extract, a new layer of fresh extract replacing it at the interphase. Par- 
allel to that, the methanol-water mixture that has resulted on the water 
side of the interphase flows upward into the mass of water because it is 
lighter than water and is replaced at the interphase by a new layer of water. 
With new extract and new water coming in contact at the interphase, the 
above cycle of events is repeated. Thus, there is a continuous flow of 
fresh extract and of water coming into contact at the interphase for as 
long as methanol diffuses from the extract into the water. The result 
obtained is similar to having placed a very thin layer of extract in con- 
tact with an ever changing layer of water. When equilibration has been 
reached, the system shows the following aspect. There is an upper trans- 
parent water-methanol phase, a lower chloroform phase, and an accumula- 
tion of material at the level of the interphase which floats on top of the 
chloroform and which can be described as a “fluff.” The significance and 
composition of this fluff are discussed in the accompanying paper on pro- 
teolipides (6). 

Results obtained by this method have been compared with those by 
two other methods that have been recently described; namely, that of 
McKibbin and Taylor (4) and that of Brante (5). It has been found that 
by our method substantially more substances are extracted than by that 
of Brante, by which substantially more substances are extracted than by 
the method of McKibbin and Taylor. The observed differences in amount 
of substances extracted by the different methods can be accounted for in 
terms of the amounts of proteolipides and the amounts of strandin that 
are extracted respectively by each one of the three methods that have 
been compared. | 

The method as described has been in use in our laboratory for almost 
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3 years. It has been applied successfully to practically all animal tissues. 
This paper is limited to a detailed study of the method as applied to the 
nervous system because it is only for this tissue that the usefulness and 
the shortcomings of the procedure have been thoroughly established. 


Procedure 


Reagents and Apparatus—Methanol, absolute, analytical reagent; chlo- 
roform, analytical reagent; chloroform-methanol mixture, 2:1 by volume; 
Waring blendor with macro and micro containers; Potter-Elvehjem ho- 
mogenizers of different capacities; fat-free filter paper (8) and alundum (9). 

Extraction of Lipides from Tissue—The tissue sample is homogenized 
with chloroform-methanol mixture, 2:1 by volume, in the proportion of at 
least 20 cc. of mixture per gm. of tissue. Potter-Elvehjem tissue grinders 
are used for amounts up to 1 gm., and a Waring blendor for larger amounts. 
Usually 3 minutes suffice for complete homogenization. The homogenate 
is transferred to an adequate volumetric flask, the homogenizer being 
rinsed with three successive portions of solvent mixture which are com- 
bined with the homogenate. After mixing and making up to volume, the 
flask contents are filtered through a fat-free filter paper into a glass-stop- 
pered vessel. 

Washing of Crude Extract—A beaker of slightly larger capacity than the 
volume of extract to be washed is submerged in a larger beaker nine- 
tenths full of water and of a capacity at least 10-fold the volume of ex- 
tract to be washed. The aliquot of extract to be washed is then delivered 
into the small beaker from a volumetric pipette. Back-flow of water into 
the pipette must be avoided and delivery of the extract must be slow 
enough to prevent unnecessary turbulence. The system is covered and 
allowed to stand overnight. The next day the system has the following 
appearance. There is a clear chloroform phase in the small beaker which 
occupies about three-fifths of the original volume of the extract. There 
is an overlying clear water-methanol phase. At the. interphase, there is 
an accumulation which can be described as a “fluff.” This fluff consists 
of a mixture of proteolipides and free lipides. 

Redissolution of Fluff—By the use of suction and then of a pipette, the 
water phase is removed as completely as possible without disturbing the 
fluff. A layer of water only 3 or 4 mm. thick should remain. To the 
chloroform solution, fluff, and water in the beaker is added a volume of 
methanol about one-fourth of the original volume of the aliquot of extract 
that has been washed. If, on stirring, a single phase is not formed, as 
shown by a milky appearance of the mixture, more methanol is added to 
it dropwise with constant stirring until one phase results. The clear solu- 
tion obtained is the washed extract. 

In order to store it or to take aliquots for analysis, the washed extract 





836 LIPIDE EXTRACTS FROM BRAIN TISSUE 


is transferred through a funnel into a volumetric flask. The beaker and lyzed fc 
funnel are rinsed with three successive aliquots of chloroform-methanogl cent N: 
mixture, the rinsings being combined with the main body of the solution, pH 2 w 
The flask contents are mixed and made up to volume with chloroform. | ther e: 
methanol mixture. and dr 

Removal of Protein Moiety from Proteolipides—In this case the extract cent of 
is transferred quantitatively from the beaker into a suction flask and taken | the am 
to dryness on the water pump at a bath temperature of 60°. If needed, preted 


ethanol is added to control foaming. The residue is extracted twice with 
one-fourth the original volume of hot solvent mixture, and the extracts 
are filtered through a fat-free filter paper into a volumetric flask of appro- =" 


priate size and made up to volume with solvent mixture. All: 


— 


EXPERIMENTAL 


Analytical Methods—Some of the methods used have been described 
elsewhere (10). Total and free cholesterol have been estimated by the 
method of Schoenheimer and Sperry (11) as described by Sperry (12); 
proteolipide protein and strandin by methods described in accompanying 
papers (6, 7); total and free inositol by bioassay with yeast as a test or- | — 
ganism (13, 14). The composition of the nutrient media is due to Novelli! | qotal 

Total solutes have been estimated by placing an aliquot of solution | Choles 
in a weighing bottle and allowing it to evaporate at room temperature | P.... 
(with or without a vacuum). The residue is dried at 105° for 2 hours and | N---- 
weighed. With proper care the over-all error of the method is 0.1 mg. nia 

Degree of Completeness of Extraction of Lipides—To study this point, *T 
the tissue suspension in chloroform-methanol was filtered through a Biich- | of str: 
ner funnel, filtration being stopped before the residue had a chance to dry. | ‘pres 
The residue was then reextracted with a new portion of solvent mixture posted 
by boiling under a reflux for 24 hours. The second extract thus obtained | \ ashi 
was filtered and concentrated to dryness. This procedure was carried out 
routinely in the first 50 odd tissue extractions that were performed. The | Actu: 
amount of solids in the second extract amounted in no case to more than | acon 
1/200 of the amount of solids in the first extract. Three typical results | proce 
were as follows: 188.5 gm. of white matter were extracted with 3600 cc. Sti 
of solvent mixture. The tissue residue was reextracted with 2 liters of | the « 
solvent mixture. The first extract contained 34.7 gm. of solids. The | tion 
second extract contained 0.176 gm. From 58.7 gm. of gray matter, the | aliqu 
first extract contained 3.97 gm., and the second extract 22 mg. From | wast 





897 mg. of astrocytoma tissue, the first extract contained 50.2 mg. of i 
solids, and the second extract <0.3 mg. befo 
Tissue residues extracted twice as described were in certain cases ana- | hific 





fror 
1 We are indebted to Dr. G. D. Novelli for this information. 
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lyzed for total fatty acids. The residue was saponified with boiling 20 per 
cent NaOH under a reflux overnight, and the product cooled, acidified to 
pH 2 with HCl, and extracted twice with an equal volume of ether. The 
ether extracts were combined, washed twice with an equal volume of water, 
and dried. Total solids in the ether extract usually amounted to 0.5 per 
cent of the weight of tissue residue. This corresponds to 0.3 per cent of 
the amount of lipides originally extracted from the tissue. This was inter- 
preted at the time as evidence of complete extraction of the tissue lipides. 


TasBLe | 
Effect of Washing on Amounts of Different Solutes Present in Chloroform-Methanol 
Extracts from Gray and White Matter of Brain 


All results are expressed as mg. per gm. of wet tissue. 



































Extracts from gray matter Extracts from white matter 
Per cent of Per cent of 
Solutes solutes in solutes in 
Before After crude Before After crude 
washing | washing extract washing | washing extract 
removed by jremoved by 
washing washing 
_.- esi Dae! mg. mg. mg. 
RORAIBOHOR. 6355.08 tle se eatses 66.8 58.2 13.00 | 183.1 | 176.5 3.8 
GHOLESLOVON).-<.5.00 5 Pte se sieltiees 10.5 10.5 None 38.1 38.3 None 
rs oii’ cocci rans ycanenrtigates 1.53 1.49 2.6 3.07 2.95 3.9 
1s PIG OR Ee Rene ce 1.95 1.17 39.9 4.67 4.22 | 9.7 
Carbohydrate (as galactose)} 1.34 | 0.73*| 45.2 | 10.00 | 9.8 | 2.0 





* The washing procedure removes from crude extracts of gray matter an amount 
of strandin corresponding to between 3.0 and 3.5 mg. per gm. of wet tissue. This 
represents a removal of strandin carbohydrate amounting to between 0.6 and 0.7 
mg. per gm. of wet tissue. Therefore, the loss of carbohydrate from the extract 
during washing can be entirely accounted for in terms of strandin removed by 
washing. 


Actually, as already stated, these residual fatty acids are constituents of 
a constant amount of brain diphosphoinositide that is not extracted by this 
procedure. Proof of this statement will be given in a future publication. 

Study of Washing Procedure—The effect of the washing procedure on 
the crude lipide extracts has been studied (a) by comparing the composi- 
tion of extracts before and after washing, and (b) by washing the same 
aliquot of extract several times in succession, collecting the successive 
washings separately, and studying the solutes they contain. 

Table I gives results of analyses of extracts from gray and white matter 
before and after washing. It can be seen from these results that no sig- 
nificant amount of cholesterol, phosphatides, or cerebrosides is removed 
from either extract by the washing procedure. 
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The results of study of solutes in successive washings can be summarized 
as follows: In extracts of gray matter, the first washing removes 13 to 14 
per cent of solutes in the extract. Two-fifths of the material washed away 
is strandin. The second and the third washings remove 3 and 2 per cent, 
respectively, of the solutes in the extract, about half of the fraction washed 
away being strandin. Solids from the second and successive washings are 
completely soluble in chloroform; 7.e., they are lipides. It appears then 
that the second and third washings each remove from the extract about 
1 per cent of lipides present other than strandin. In the case of white 
matter, the first washing removes 4 to 5 per cent of solutes in the extract, 
Successive washings remove a further 1 per cent each. Solids in wash- 
ings after the first are completely soluble in chloroform; .e., they are 
lipides. 

A study has been made of substances removed from an extract from 
whole brain which throws some light on the nature of lipides, other than 
strandin, that are removed during washing. Two 100 ce. aliquots of a 
whole brain crude extract, which contained 5.65 mg. of total solutes per 
cc., were washed three times in succession, and the washings collected 
separately and analyzed for total solids, strandin, P, free inositol, and 
total inositol. Total solids were 40.2, 16.8, and 13.2 mg., respectively, 
for the first, second, and third washings; 7.e., 7.1, 3.0, and 2.3 per cent of 
the solids in the crude extract. Other results (in mg.) are presented, the 
figures in parentheses indicating in each ease the amount of that com- 
ponent as per cent of total solids in the particular washing analyzed. 





Washing | Strandin | P | 3 Total inositol | Free inositol 
— Pte cS 

Ist | 14.1 (5) | 0.5 (1.24) | 2.9 (7.3) | 2.9 (7.3) 

2nd | 8.8 (52) | 0,195 (1.15) | 0.81 (4.9) (<0.05) 

3rd | 4.65 (36) 0.295 (2.25) | 0.67 (5.0) | (<0.05) 


It can be seen from these data that the first washing removes a. large 
amount of free inositol from the crude extract, while the second and third 
extracts remove only combined inositol. The ratio of inositol to P in 
the second and third extracts is, within the experimental error of the 
method, close enough to the theoretical ratio for brain diphosphoinositide 
to warrant the conclusion that most of the lipide P removed from the ex- 
tracts in the course of washing is brain diphosphoinositide. The fact that 
for the first washing the values for total inositol and free inositol are the 
same does not show that no combined inositol is removed during the first 
washing, because, assuming that the first washing contains as much com- 
bined inositol as the second and third do, this amount would be only a 
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small fraction of the total inositol present, which would fall within the 
margin of error of the method of bioassay. 

These data also show that strandin and presumably brain diphospho- 
inositide account for most of the solids removed from the extract by the 
second and third washings. 

It is necessary to conclude that a certain amount of lipides (other than 
strandin) is removed from the extract by the first washing. The actual 
amount can only be approximately estimated. Assuming that at least 
as much lipide (other than strandin) is removed by the first washing as 
by the second, the amount would be of the order of 1.0 per cent of the 


TaB_eE II 
Data on Comparative Study of Extraction by Three Methods 
All values are expressed as mg. per gm. of wet tissue. 








Method of 
Materials in extract or fractions therefrom | Present dia oon ‘oa 
| mg. | mg. 

Total solids in crude extract “as 111.8 104.9 
Free inositol in crude extract | 0.6 0.6 0.6 
Solids removed by washing | 8.4 6.7 5.0 
Strandin in washing | 3.0 | 1.09 | 0.42 
Solids in washing other than strandin | 5.1 5.06 | 4.58 
Proteolipide protein | 10.8 2.6 1.9 
Lipides (total solids in extract less solids | 101.0 102.3 98.0 

removed by washing less proteolipide | | 

protein) 








total solutes in the extract and it would consist mostly of brain diphos- 
phoinositide. 

Effect of Amount of Water Used in Washing on Amount of Solids Re- 
moved from Extract—Three 25 cc. aliquots of a total brain chloroform- 
methanol extract, which contained 5.65 mg. of solutes per cc. (141.25 mg. 
n 25 ce. aliquots), were placed in contact with 125, 250, and 600 cc., re- 
spectively, of water and let stand overnight. The three water washings 
were collected separately and dried. The residues weighed 10.2, 9.9, and 
10.1 mg., respectively. Thus, it appears that the amount of solutes re- 
moved from the extract by water was the same between volumes of water 
5-fold and 24-fold the volume of extract being washed. 

Comparison of Results Obtained by Present Method with Those by Methods 
of Brante (5) and of McKibbin and Taylor (4)—Two brain hemispheres 
were homogenized in a Waring blendor for 5 minutes at 3°, and weighed 
samples of the homogenate were extracted in duplicate by each of the 
three methods. The crude extracts obtained were analyzed for total solids, 
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proteolipide protein, and free inositol. Duplicate values for total solids | 3» Chr 


and proteolipide protein agreed within 3 per cent. Aliquots from each : =. 
extract were washed with water by the washing procedure already de- | ¢ Fol 
scribed. Since this procedure depends on the presence of methanol for 7, Fol 


its mechanism of action, extracts obtained by the methods of Brante and | 8. Kir 
of McKibbin and Taylor were diluted by addition of half their volume of 9. Var 
methanol prior to washing. The washings were collected separately and : re 
analyzed for total solids and for strandin. The results obtained are given | 49 Spe 
in Table II, from which it can be seen (a) that only small amounts of | 13. Wo 
proteolipide protein and of strandin are extracted by the methods of Brante | 14. Wil 
and of McKibbin and Taylor; (b) that the larger percentage of tissue : 
solids extracted by the present method compared with the other two can 
be attributed entirely to the presence, in extracts prepared by this method, 
of larger amounts of proteolipide protein and of strandin; (c) that the 
amount of non-lipide contaminants in the extracts, as indicated by the 
amount of total solids removed by washing minus strandin present in the 
washing, is essentially identical in all three extracts. This is further shown 
by the fact that crude extracts prepared by the three methods contain 
identical amounts of free inositol, and that the same amount of tissue 
lipides, in the strictest sense, is extracted by all three methods; 7.¢., lipides 
with the exclusion of strandin and proteolipide protein. 


SUMMARY 


1. A simple method for the preparation of lipide extracts from brain is 
described. The method consists in homogenizing the tissue with a 2:1 
chloroform-methanol mixture. Insoluble substances are removed by fil- 
tration and the filtrate is washed with water to remove non-lipide con- 
taminants. 

2. Proteolipides (6), strandin (7), and lipides, with the exception of a 
constant amount of brain diphosphoinositide which is bound to a protein 
by a bond that is resistant to solvent action, are extracted by this method. 

3. The washing procedure removes from the crude extract all non-lipide 
contaminants, most of the strandin, and about 1 per cent of lipides. ‘The 
lipides removed appear to be mostly brain diphosphoinositide. 

4. By this method more tissue solids are extracted than by those of 
Brante (5) and of McKibbin and Taylor (4). The solids extracted in 
excess of those extracted by the other two methods have been identified 
as proteolipides and strandin. 
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COLORIMETRIC ESTIMATION AND HISTOCHEMICAL 
DEMONSTRATION OF SERUM CHOLINESTERASE* 
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(From the Yamins Laboratory for Surgical Research, Beth Israel Hospital, and the 
Department of Surgery, Harvard Medical School, Boston, 
Massachusetts) 


(Received for publication, April 9, 1951) 


The presence of enzymes in mammalian blood which hydrolyze acetyl- 
choline was first suspected by Dale (1), and later demonstrated by Plattner 
(2) and by Engelhart and Loewi (3). A serum cholinesterase isolated by 
Stedman et al. (4) from horse blood was first thought to be the same as 
the cholinesterase in the central nervous system.! Distinct differences be- 
tween the cholinesterase of erythrocytes and of serum and species differ- 
ences in serum cholinesterase! and in the cell-serum partition of total cho- 
linesterase activity have been demonstrated (5, 6). 

Two fundamentally different types of cholinesterase are now recognized 
and are differentiated primarily with respect to their action on various 
substrates. Acetylcholinesterase of the central nervous system (and of 
erythrocytes) hydrolyzes acetylcholine faster than any other ester. It also 
attacks propionylcholine and acetyl-8-methylcholine, but not benzoylcho- 
line or butyrylcholine. It exhibits optimal activity with a substrate con- 
centration of 2 to 3 X 10-* m and is moderately inhibited at higher con- 
centrations of the substrate. 

Serum cholinesterase also attacks acetylcholine faster than any other 
ester. It also attacks propionylcholine, benzoylcholine, and butyrylcho- 
line, but not acetyl-8-methylcholine. Its activity is not significantly in- 
fluenced by substrate concentration. Central nervous system cholines- 
terase is said not to attack non-choline esters,” such as tributyrin, while 


* This investigation was supported by a research grant from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service, and 
in part by an institutional grant to Harvard University from the American Cancer 
Society. 

+ Research Fellow of the National Cancer Institute. 

t Research Fellow in Chemistry, Harvard University. 

1 Serum cholinesterase is synonymous with non-specific cholinesterase, ‘“‘pseudo- 
cholinesterase,’’ or type II cholinesterase. Central nervous system cholinesterase 
is synonymous with specific cholinesterase, acetylcholinesterase, ‘‘true cholines- 
terase,’’ or type I cholinesterase. 

‘ 20On the other hand, unpublished observations in this laboratory indicate that 
fresh rat brain (reported by Mendel and Rudney (8) to contain only acetylcholin- 
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serum cholinesterase does attack such simple.esters at a significant rate thol ( 


(7, 8). 








ene ( 

In the course of studies designed to develop a method for the histo. cae 
chemical demonstration of acetylcholinesterase, chromogenic substrates solids 
were developed which were highly specific for serum cholinesterase. These 
substrates, 8-carbonaphthoxycholine iodide (III) and the 6-bromo ana- 
logue, are homologous to carbonaphthoxy-pL-phenylalanine, employed jn 

the colorimetric estimation of carboxypeptidase activity (10, 11), and to 
benzoylcholine, which is susceptible to attack by serum cholinesterase, 
but not by the acetylcholinesterase of the central nervous system. The 
ester linkage between choline and a carboxylic acid is split to release 
8-naphthylearbonic acid, which spontaneously and immediately decarboxy- 
lates to yield B-naphthol. The latter is coupled with a suitable diazonium 
salt to produce a highly colored, insoluble azo dye, which precipitates at 
or near the site of enzymatic activity in histochemical preparations, and 
which can be extracted from homogenates or serum into organic solvents 
for the quantitative estimation of enzyme activity. Colorimetric methods cent 
based on the production of 6-naphthol have been described for esterase driec 
(12), lipase (12), acid and alkaline phosphatase (13), and carboxypepti- redu 
dase (11). yielc 

It is the purpose of this paper to describe the synthesis of the substrates, disti 
report the evidence for their specificity, present the method for the color- Rotl 
imetric estimation of the enzyme, establish the range of normal values, crys 
and give the method for demonstrating the enzyme histochemically. 

A 
Synthesis of Substrates* 

B-Carbonaphthoxy chloride (I) and 6-bromo-2-carbonaphthoxy chloride B- 
were prepared, according to the method of Einhorn and Rothlauf for I ethy 
(14), by vesienian of a benzene — of 2-naphthol and 6-bromo-2-naph- 66: | 
wialeias is uel of hydrolyzing the simple esters, B- vile acetate, 8-acet- b-d 
amino-2-naphthyl acetate, and 2-acetoxy-6-naphthoic acid phenyl methyl amide. ing 
These observations will form the basis of a histochemical method for demonstrating B-d 
acetylcholinesterasein nervoustissue. 2-Acetoxy-3-dimethylaminonaphthalene meth- wit. 
iodide, which was synthesized (9) in the hope that it would be specifically hydro- ant 
lyzed by acetylcholinesterase, was subsequently found to be totally resistant to due 
enzymatic hydrolysis, although spontaneous hydrolysis was rapid. The blue azo 
dye formed from the hydrolysis product with tetrazotized diorthoanisidine was Cas 
basic and proved to be a powerful nuclear stain. This nucleophilic property of 43- 
pigments with quaternary amino groups makes impossible the interpretation of rec 


histochemical localization of the enzyme when the chromogenic moiety of substrates 
that are attacked by cholinesterase contains choline. 

3 The substrates and other reagents used in this report may be obtained from the | 
Dajac Laboratories, Monomer-Polymer, Inc., 511 Lancaster Avenue, Leominster, 
Massachusetts. 
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thol (15), 0.1 mole, respectively, to an equimolar benzene solution of phos- 
gene (20 per cent) in the presence of an excess of quinoline. The reaction 
mixture, after standing in a refrigerator overnight, was decanted from 
solids and washed with 1 per cent hydrochloric acid-ice mixture, 2 per 


OH OcocL 
COCL OL 
, HOCH,CHN(CH3), 
I * lie 





0. I 
ve | CHa 
0c00¢ (CH,)al 
r= CHOLINESTERASE OY H_CHN(CHs)s 
Bi 


cent sodium hydroxide-ice solution, and water. The benzene solution, 
dried over anhydrous calcium sulfate, was evaporated to dryness under 
reduced pressure to give the crude acid chlorides in 75 and 68 per cent 
yield, respectively. Carbonaphthoxy chloride (I) was purified by vacuum 
distillation under nitrogen, b.p. 119°, 1 mm., m.p. 66-67° (Einhorn and 
Rothlauf (14), m.p. 65-66°). The bromo derivative was purified by re- 
crystallization from ligroin, m.p. 101-102°. 


Analysis—CiHeBrClOz. Calculated. C 46.27, H 2.11 
Found. “¢ 46.31, ‘* 2.40 


8-Dimethylaminoethyl-2-naphthoxycarbonate (II) and B-Dimethylamino- 
ethyl-6-bromo-2-naphthoxycarbonate—Each acid chloride (0.01 mole) in 20 
ce. of dry benzene was added, with stirring, to a dry benzene solution of 
8-dimethylaminoethanol (0.02 mole). The reaction mixture, after stand- 
ing at room temperature overnight, was removed from the precipitated 
8-dimethylaminoethanol hydrochloride. The benzene filtrate was washed 
with water and saturated sodium chloride solution and then dried over 
anhydrous sodium sulfate. The dried solution was evaporated under re- 
duced pressure to give II, a pale yellow oil, in 80 per cent yield. In the 
case of the 6-bromo derivative, which solidified on long standing (m.p. 
43-45°), an 82 per cent yield was obtained. The latter was purified by 
recrystallization from ether and petroleum ether, m.p. 44—45°. 


Analysis—CysHisNOsBr. Calculated. C 53.27, H 4.77, N 4.14 
Found. “© 53.44, ** 4.59, ‘* 4.25 


Treatment of II and the bromo derivative with HBr yielded the corre- 
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sponding hydrobromides, m.p. 153-153.5° (decomposition) and m.p. 170- 
171° (decomposition), respectively. 


Seru: 

Analysis—C,sHisNO;Br. Calculated. C 52.94, H 5.33 tration 
Found. «© 52.70, “ 5.45 Just 

CisHizNO3Brz. Calculated, C 43.03, H 4.09; found, C 42.90, H 4.27 volume 


8-Carbonaphthoxycholine Iodide (III) and 6-Bromo-2-carbonaphthoxycho- ani 
line Iodide—A solution of II or the 6-bromo derivative (0.05 mole) in 25 teat-tu 
ec. of dry benzene was treated with methyl iodide (0.05 mole) at 0° and oan 
allowed to stand at room temperature for 24 hours. The product was All de 
obtained in a yield of 85 per cent for III, m.p. 134-136° (decomposition), oe 
and in a yield of 83 per cent for the bromo derivative, m.p. 179-180° — 


(decomposition). at 37" 
diorth 
Analysis—CigH2oNOsI. Calculated. C 47.89, H 5.02, N 3.73 to per 
Found. 48.00, “ 4.87, “ 3.73 tion ¢ 

CisHigNOsBrI. Calculated. C 40.02, H 3.99, N 2.92 was 

Found. 60.10, °° 4:20, © 3:27 

and ti 

Colorimetric Estimation of Cholinesterase Activity Th 

Reagents*— phase 
of et! 

1. Carbonaphthoxycholine iodide (III). A stock solution of carbonaph- forme 
thoxycholine iodide was prepared in a concentration of 21.6 mg. per 100 The « 
ce. (3 X 10-4 m) by solution in 5 cc. of acetone, followed by dilution to with 
100 cc. with distilled water. The pH of this solution was below 7.0; it elect 
could be stored for periods up to 1 week at 4° without any significant Tt 
hydrolysis. curv 
2. Veronal buffer (0.1 mM) pH 7.4. (a) A stock solution of sodium di- steps 
ethyl barbiturate (0.1 mM) was prepared by dissolving 20.6 gm. of the so- of th 
dium salt in 1 liter of distilled water. (6) A stock solution of hydrochloric been 
acid (0.1 M) was prepared by dilution of concentrated hydrochloric acid cura 
160 times. (c) Shortly before use, the desired amount of buffer was pre- nap) 
pared by mixing the stock solutions (a) and (6) in a ratio of 27.5 ce. of D 
sodium diethyl barbiturate solution to 20 cc. of the dilute hydrochloric as t 
acid solution. The pH of the final buffer solution approximated 7.4 (-+0.05). fron 
3. Tetrazotized diorthoanisidine* (2 mg. per cc.) was dissolved in cool test 
water immediately before use. 1 
4. Trichloroacetic acid solution (80 per cent). wii 
5. Anhydrous ethyl acetate. B-n 

4 Available in powder form containing 20 per cent tetrazotized diorthoanisidine, 

5 per cent zinc chloride, and 20 per cent aluminum sulfate; trade name du este 
Pont naphthanil diazo blue B. 16C 
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Procedure 


Serum (0.1 cc.) was diluted with 16 cc. of distilled water (final concen- 
tration 0.00625 cc. of serum per cc. of solution). 

Just prior to use, the stock substrate solution was mixed with an equal 
volume of freshly prepared 0.1 M veronal buffer. 5 cc. of the buffered 
substrate solution were then added to 1 ce. of the diluted serum in a 20 ec. 
test-tube and mixed. A test-tube containing only 5 cc. of the buffer- 
substrate solution was prepared as a control for non-enzymatic hydrolysis. 
All determinations were performed in duplicate. To avoid errors in time 
of incubation, serum and substrate were not allowed to stand at room 
temperature for longer than 5 minutes. The tubes were then incubated 
at 37° for 1 hour. After incubation, 1 cc. of a solution of tetrazotized 
diorthoanisidine* was added to each tube, and the tubes were gently shaken 
to permit complete mixing. 3 minutes were then allowed for the comple- 
tion of the coupling reaction, and 1 cc. of 80 per cent trichloroacetic acid 
was added to each tube to stop all hydrolysis, spontaneous and enzymatic, 
and to facilitate extraction of the dye. 

The azo dye was extracted from the aqueous trichloroacetic acid-protein 
phase by shaking vigorously with 10 cc. of ethyl acetate. The mixture 
of ethyl acetate and water was allowed to separate, and any emulsion 
formed was readily broken by centrifugation at 2500 r.p.m. for 10 minutes. 
The ethyl acetate layer, containing the extracted azo dye, was transferred 
with a pipette to a Klett tube, and the color density measured in a photo- 
electric colorimeter with a green filter (540 my). 

The readings were converted to mg. of 6-naphthol with a calibration 
curve prepared from 6-naphthol in the presence of serum, according to the 
steps of the procedure outlined above. The visible absorption spectrum 
of this dye and the linear calibration curve obtained with 6-naphthol have 
been published (12). A calibration curve falling within the range of ac- 
curacy of the colorimeter may be obtained with 0.01 to 0.08 mg. of p- 
naphthol. 

Definition of Unit—1 unit of serum cholinesterase activity is defined 
as that amount of enzyme which liberates 10 mg. of 6-naphthol per hour 
from carbonaphthoxycholine iodide under the standard conditions of the 
test (pH 7.4, temperature 37°, substrate concentration 1.2 X 10-* M). 

1 unit of total esterase activity is defined as that amount of enzyme 
which liberates the color equivalent of 10 mg. of 6-naphthol per hour from 
8-naphthyl acetate under the standard conditions of the test. 

Calculation—The number of units of total esterase or of serum cholin- 
esterase activity per 100 cc. of serum was obtained by multiplying by 
1600 the number of mg. of 6-naphthol released in 1 hour from 8-naphthyl 
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acetate or from carbonaphthoxycholine iodide, respectively, when 0.00625 | attack 


ec. (1 cc. of a 1:160 dilution) of serum was used. than t 
that ¢ 
Specificity of Substrate by ac 


The proof of the specificity of this substrate for the demonstration of } mouse 
serum cholinesterase activity was based on simultaneous observations of cholin 


the effect of homogenates of rat brain, rat liver, human serum, human The 
washed red cell membranes, and a highly purified preparation of serum comp] 
cholinesterase (human plasma, Fraction IV-6-3°) on the rates of hydroly- per © 
sis of 8-naphthyl acetate® (16) and carbonaphthoxycholine iodide (III), decre: 
and on the observed inhibitory effect of low concentrations of physostig- lent t 
mine on the enzymatic activity of these preparations toward both sub- outlin 


strates. Physostigmine salicylate was added to the serum, and the mixture 
was incubated at room temperature for 1 hour before adding the buffered 
substrate solution. This period of preincubation with physostigmine was 
necessary to allow the reaction of enzyme and inhibitor to come to equi- — 
librium, thereby providing a more accurate estimate of residual enzymatic 
activity (17). Er 

All five of the above preparations attacked $-naphthyl acetate in the 
following order of decreasing activity: liver, serum cholinesterase, human 
serum, rat brain, human red cell membranes. The activity of brain ho- 
mogenate, serum cholinesterase, and red cell membranes toward 6-naph- | 4™ 


thyl acetate was inhibited 100 per cent, human serum was inhibited only - 
40 to 60 per cent, and the activity of rat liver homogenate was entirely 
unaffected. It is claimed that only cholinesterase, of the entire family Rat | 
of esterases, is inhibited by such low concentrations of physostigmine (18). hoi 
This observation was confirmed by comparison of the inhibition of the aT 
enzymatic activity of liver homogenate and purified human plasma, cho- , 
linesterase’ toward $-naphthyl acetate by increasing concentrations of tion 
physostigmine salicylate (Table I). A homogenate of rat liver did not cent 
contain a physostigmine-sensitive esterase (cholinesterase), whereas ho- enz} 
mogenates of mouse liver and human liver did demonstrate such an en- sugs 
zyme. to ¢ 
Only serum cholinesterase and human serum (of the series noted above) V 
5 Serum cholinesterase was provided through the courtesy of Dr. Edwin J. Cohn, vain 
University Laboratory of Physical Chemistry Related to Medicine and Public —_ 
Health, Harvard University. and 
6 A stock solution of B-naphthyl acetate was prepared in a concentration of 10 was 
mg. per 100 cc. (3 X 10-4 m) by solution in 5 cc. of acetone, followed by dilution to At 
100 cc. with distilled water. The pH of this solution was below 7.0; it could B-n 
be stored for 1 month at room temperature (22°) without any significant hydrolysis. 
The substrate in this concentration precipitated at 4°, but could be redissolved with- . . 
out significant hydrolysis on warming. The determination of esterase activity in lin 
serum was performed with this stock solution exactly as described for cholinesterase. wa 
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attacked carbonaphthoxycholine iodide, the former at a much greater rate 
than the latter, per mg. of protein N concentration, thus demonstrating 
that carbonaphthoxycholine is not attacked by other aliesterases (7) or 
by acetylcholinesterase of the central nervous system. Homogenates of 
mouse and human liver, in contrast to rat liver, attacked carbonaphthoxy- 
choline iodide. 

The activity of human serum toward carbonaphthoxycholine was almost 
completely abolished by physostigmine salicylate in a concentration of 2 
per cc. When the concentration of purified plasma cholinesterase was 
decreased so that the activity of the aqueous solution was roughly equiva- 
lent to that of human serum in the amounts used in the standard method 
outlined above (0.00625 cc.), there was a corresponding degree of inhibi- 


TABLE I 


Comparison of Inhibition of Physostigmine on Serum Cholinesterase and 
Esterases of Liver 























B-Naphthyl acetate Carbonaphthoxycholine iodide 
Physostigmine |p, ivi | Esterase activity,| 
Enzyme source licyl: sterase activity, | Estera y; 
salicylate | mg. naphthol | jonipition | ™S2aPhthol | janibition 
mg. enzyme mg. enzyme | 
per hr. | per hr. 
y per cc. | per cent | per cent 
Human serum* 0.0 10.44 | 0.0 20.07 0.0 
cholinesterase 10 | 0.38 | 96.3 7.05 | 65.0 
20 | 0.066 | 99.3 5.24 | 74.0 
4.0 | 0.00 | 100.0 3.85 | 81.0 
Rat liver | 0.0 | 15.3 | 00 | 00 | 0.0 
homogenate 4.0 | 15.6 0.0 | oo | 0.0 





* See foot-note 5. 


tion of cholinesterase activity for carbonaphthoxycholine by the same con- 
centration of physostigmine (Table II). The degree of inhibition of the 
enzymatic activity of serum toward 6-naphthyl acetate by physostigmine 
suggested that 60 per cent of the esterase activity of human serum is due 
to cholinesterase (Table IT). 

When a solution of purifled serum cholinesterase, having 40 times the 
activity of the preparation of diluted serum used in the routine measure- 
ments, was tested against equimolar concentrations of 8-naphthyl acetate 
and carbonaphthoxycholine iodide (1.2 X 10-4 m), the 8-naphthyl acetate 
was hydrolyzed at only one-half the rate of the latter substrate (Table ID). 
At this level of enzyme concentration, the activity of the enzyme toward 
8-naphthyl acetate was almost completely abolished by physostigmine in 
a concentration of 2 y per ce., while activity toward carbonaphthoxycho- 
line was reduced only 74 per cent. The reduction in cholinesterase activity 
was only 81 per cent with 4 y per cc. of physostigmine (Table I). Since 
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the inhibition of cholinesterase by physostigmine is known to be competi- subje 
tive (16), the increased resistance of the enzyme toward physostigmine in activ 
the presence of carbonaphthoxycholine, as contrasted to 6-naphthyl ace. TI 
tate, demonstrates the greater affinity of carbonaphthoxycholine for the prise 
active enzyme centers. simu 
iffer 
TaBLeE II di " 
Comparison of Inhibition of Physostigmine on Serum Cholinesterase and a : 
Esterases of Serum all C 
iia plete 
* : Inhibition by | Inhibition by 
- S holin- oe 1’ t 
Substrate 1.2 X 1074 qucie seaviey saa a | | phy — 
mg. — per per cent mg. — vm 7 ie wate 
| 
6-Naphthyl acetate 0.015 98 0.020 | 58 Ke 
Carbonaphthoxycholine 0.023 93 0.008 | 96 > 
iodide | = 
. —_ | 3 
* See foot-note 5. Serum cholinesterase was diluted until its eatieiy was con- WwW 
parable to 0.00625 cc. of serum. - 
a! 
SERUM ESTERASE SERUM CHOLINESTERASE a 
re) 
2 45- 2 45- posse 
° ° 
Fs 40- Rai 
= 355 le = 35- aa 
ra 
ti 30-4 = 30- 
Q 25+ & 25> 
wu uw 
Oo 20- = 20- F 
5 B-ca 
z a = 15- . 
a 15 15 tim 
a 10- te 10- I 
= * @ = ¢ as 
T te T TG hy¢ 
25 35 45 55 65 75 IS 25 35 45 55 65 of | 
UNITS PER 100 CC. UNITS PER 100 CC. tot 
Fig. 1. Distribution of total esterase and cholinesterase activity in 50 normal sera naj 
as determined by colorimetric methods. ; 
: all lov 
Cholinesterase Activity of Normal Serum naj 
The sera of 50 normal adults contained an average of 45 units of total pel 
esterase activity per 100 cc., with a range of 28 to 62 units per 100 ce. i 
The sera of these same normed adults contained an average of 29 units of in 
cholinesterase activity per 100 cc., with a range of 18 to 46 units per 100 ce. est 
(Fig. 1). Repeated observations of cholinesterase activity in three normal of 
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subjects for 1 to 2 weeks showed only slight fluctuation in enzymatic 
activity in each. 

The concentration of cholinesterase in units per 100 cc. of serum com- 
prised 40 per cent to 60 per cent of the total esterase activity, measured 
simultaneously and expressed in comparable units. However, since two 
different substrates, with different rates of hydrolysis by cholinesterase, 
were used, this fractionation should be considered only approximate. In 
all cases physostigmine salicylate in a concentration of 2 y per cc. com- 
pletely abolished cholinesterase activity as measured by the enzymatic 
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Fig. 2. Hydrolysis of B-naphthyl acetate by serum esterase and hydrolysis of 
8-carbonaphthoxycholine iodide by serum cholinesterase plotted as a function of 
time. 


Fig. 3. Total esterase and cholinesterase activity of normal human serum plotted 
as a function of serum concentration. 


hydrolysis of carbonaphthoxycholine iodide. Under the same conditions 
of testing, physostigmine salicylate produced a 60 to 80 per cent fall in 
total esterase activity, as measured by the enzymatic hydrolysis of £- 
naphthyl acetate. 

The course of hydrolysis of carbonaphthoxycholine iodide by serum fol- 
lowed zero order kinetics over a period of 4 hours. The hydrolysis of 6- 
naphthyl acetate by serum followed first order kinetics over the same 
period of time (Fig. 2). 

Sera were tested at several dilutions over a range of an 8-fold increase 
in concentration (from 0.00625 to 0.05 ce.) with respect to both total 
esterase and cholinesterase activity. Cholinesterase activity per 100 ce. 
of serum was unaltered over this entire range of concentration. In marked 
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contrast, total esterase per 100 cc. of serum decreased rapidly as the amount 
of serum employed in the measurement was increased above 0.025 ¢¢. 
In the range of concentration of serum from 0.00625 to 0.0125 ce. per tube, Fre 
there was no significant change in the activity of serum with respect to Linde 
total esterase (Fig. 3). a film 
Sera with abnormally low cholinesterase activity could be incubated — 
for a longer period of time (up to 4 hours), or a larger amount of serum loss 0 
(up to 0.1 cc.) could be used, without introducing any special correction tone f 
factors into the calculation of unit activity. In such cases it was advis- by co 
able to select the larger specimen of serum, because of the larger blank cholir 
correction due to spontaneous hydrolysis when prolonged incubation was unaff 
used. When more than 0.1 cc. of serum was used, a slight error was destrt 
introduced, owing to the binding of the azo dye to serum protein. If, toche 
however, standard calibration curves were prepared in the presence of ; Kit 
similar amounts of serum, this error could be largely obviated (13). iodid 
Sera with abnormally low total esterase activity could be incubated up of ch 
to 2 hours, or a larger sample of serum could be used, in order to obtain bonay 
a reasonable amount of 8-naphthol for accurate measurement. Because hime 
of the first order nature of the enzymatic hydrolysis of 6-naphthyl acetate color 
by serum it was generally simpler, in this circumstance, to use a larger on 
specimen of serum, in order to avoid the factor of retardation of enzymatic phat: 
activity as the reaction proceeded. In actual practice it was seldom neces- whic 
sary to alter the standard technique for the determination of these en- did 1 
zymes. The dilution factor for serum employed in the standard method prefe 
was selected in order to provide a color density falling within the range Pr 
of most accurate measurement with a standard photoelectric colorimeter solve 
(Klett). In the few cases with too great a color density, the ethyl acetate stocl 
extract was diluted with 1 to 3 volumes of ethyl acetate. the 
Serum could be stored at 4° for 1 month without any significant change The 
in either total esterase or cholinesterase activity. Slight to moderate he- — 
molysis did not introduce error into the determination of cholinesterase, o 
since the acetylcholinesterase of erythrocytes did not hydrolyze carbo- Ino 
naphthoxycholine iodide. Hemolysis did increase total esterase activity fer 
owing to the presence in erythrocytes of aliesterases (in the red cell con- _— 
tents) and acetylcholinesterase (in the red cell membranes) of the central stein 
nervous system type, which is able to hydrolyze B-naphthyl acetate.’ bites 
The sera of three patients with cirrhosis of the liver with various degrees vide 
of severity of liver impairment were found to have serum cholinesterase 8 
activity well below the lower limit of the normal (1.4, 7.5, and 8.2 units). = 
The sera of four patients with myocardial infarction and shock were tal, 
found to have low serum cholinesterase activity and low prothrombic ac- _ 
tivity. Normal levels of serum cholinesterase activity were reached 4 to — 
7 days later. — 
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Histochemical Demonstration of Cholinesterase 


Fresh tissues were cut at 10 yw thickness by a rotary microtome in a 
Linderstrém-Lang freezing cabinet and mounted on glass slides coated with 
a film of dried 1.0 per cent gelatin solution. Sections prepared in this 
manner could be stored in the cold (0°) for at least 1 month without any 
loss of enzymatic activity. Fixation of tissue (mouse liver) in cold ace- 
tone for 2 hours, or in 10 per cent neutral formalin for 30 minutes, followed 
by cold acetone for 2 hours, resulted in a loss of 75 to 80 per cent of serum 
cholinesterase activity, although non-specific esterase activity remained 
unaffected by this short fixation treatment. Formalin fixation was more 
destructive of cholinesterase than other hydrolytic enzymes for which his- 
tochemical techniques have been devised (19). 

Either carbonaphthoxycholine iodide or 6-bromocarbonaphthoxycholine 
iodide could be used for the histochemical demonstration and localization 
of cholinesterase. The 6-bromo derivative offered an advantage over car- 
bonaphthoxycholine in that the bromo azo dye formed in the reaction 
provided a more brilliant blue color than the azo dye employed in the 
colorimetric estimation of the enzyme. The stabilized salt of diazotized 
a-naphthylamine described in the histochemical methods for alkaline phos- 
phatase (20) and esterase (21) gave a red azo dye. Since the zinc salt 
which is used to stabilize tetrazotized diorthoanisidine in diazo blue B* 
did not inhibit the activity of this enzyme, the blue azo dye was found 
preferable. 

Procedure—6-Bromocarbonaphthoxycholine iodide (20 mg.) was dis- 
solved in 50 cc. of normal saline. Calcium chloride (2 cc. of 1.5 per cent 
stock solution) and 20 mg. of diazo blue B were added and stirred until 
the diazonium salt was completely dissolved, to give a pale yellow solution. 
Then 50 cc. of 0.1 M veronal buffer, pH 7.4, were added and the solution 
was filtered rapidly through a medium pore filter. Tissue sections were 
incubated in this buffered substrate solution for 20 to 30 minutes at 37°. 
In order to intensify areas of low enzymatic activity, the slides were trans- 
ferred to a freshly prepared solution for an additional 20 to 30 minute 
period of incubation. Permanent sections were washed in tap water and 
mounted in glycerogel. Slides that were not intended to be permanent 
were mounted in clear glycerol saturated with cadmium chloride to pro- 
vide a high index of refraction. 

Serum cholinesterase activity was demonstrated in the muscularis mu- 
cosae, Meissner’s plexus, and Auerbach’s plexus in the ileum of man, dog, 
rat, and mouse. There was slight staining of the superficial layers of the 
mucous membrane of the intestine in the dog, but in none of the other 
species noted above. Sections of the brain of rat, mouse, dog, and man 
were uniformly negative for serum cholinesterase activity. Rat liver was 
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negative for cholinesterase activity, but the liver of the mouse, dog, and periph 
man was positive, with moderate accentuation of the stain in the periportal | near t 
areas. Sections of rat heart were also negative, while the interventricular | least 
septum of dog heart was positive for serum cholinesterase activity. sohn 
Staining was entirely cytoplasmic in liver, muscularis mucosae, and dog | inthe 
interventricular septum. Ganglia of Meissner’s and Auerbach’s plexuses | of thi 
occasionally showed a punctate distribution of dye around the cell in ad- The 
dition to cytoplasmic staining, suggestive of a synaptic network. Nuclear | (27, 2 
staining was not observed in any sections. Detailed studies of tissue sec- charg 


tions stained by this method will be published elsewhere. absen 
activ’ 
DISCUSSION than 


Carbonaphthoxycholine iodide (III) and its 6-bromo derivatives are | actio 
hydrolyzed only by a cholinesterase of the type found in human plasma or | The: 
serum. No supplementary tests need be performed to determine which of | result 
the two major types of cholinesterase is being measured, as is necessary | site ¢ 
when acetylcholine is used as a substrate. In this respect the present | prest 
method is analogous to methods in which benzoylcholine (22) is used in | cura 


the measurement of serum cholinesterase activity. The colorimetric Sil 
method presents advantages inherent in colorimetry over the titrimetric may 
(23), electrometric (24), and manometric methods (25) for estimating cho- meth 
linesterase activity. to m 
The substrate employed in this method is readily adapted to the histo- N 
chemical demonstration of the plasma type cholinesterase in tissues, and cent 
the method for the quantitative estimation of the enzyme in serum may for 
be applied directly to other biologic fluids or tissue homogenates. It is, the 
therefore, possible simultaneously to determine quantitatively and to dem- is ct 
onstrate histochemically the serum cholinesterase activity of tissues. Be- that 
cause both techniques utilize the same substrate, there is an advantage The 
over combinations of microtitrimetric methods (22-24) based on the use con! 
of acetylcholine or benzoylcholine, with histochemical techniques utilizing rece 
myristoylcholine (26) or butyrylthiocholine (27). mol 
The distribution of cholinesterase in tissues demonstrated by the tech- mir 
nique reported here is in good agreement with the results obtained by pre- bec 
vious methods (26, 27). There is, however, a significant difference in the Wh 
details of cytologic distribution of staining between the azo dye method, 80 
the method of Gomori (26), and the copper thiocholine method of Koelle Th 
(27) and Koelle and Friedenwald (28). The latter methods show ex- is ¢ 
tensive nuclear staining, presumably indicating a nuclear localization of iso! 
the enzyme, whereas the method reported here shows no nuclear staining nos 
at all. Enzymatic activity was demonstrated in the cytoplasm and in live 


nervous tissue elements (myenteric plexus). Staining was obtained at the 
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periphery of the cell as well, suggesting localization of the enzyme at or 
near the cell membrane. A membranous localization of the enzyme, at 
least of the axon, is supported by the observations of Boell and Nachman- 
sohn (29), who demonstrated high concentrations of acetylcholinesterase 
in the axon sheath of the giant nerve of the squid, and a low concentration 
of this enzyme in the axoplasm expressed from the sheath. 

The different localization of staining in the copper thiocholine method 
(27, 28) is due to the fact that copper thiocholine bears a strong positive 
charge on the quaternary amine group of thiocholine, in contrast to the 
absence of a strong charge on the naphthyl azo dye obtained by enzymatic 
activity and coupling. Copper thiocholine is, in addition, more soluble 
than the azo dye, and therefore, in order to obtain precipitation, the re- 
action must be conducted in a saturated solution of copper thiocholine. 
The supersaturated solution produced by enzymatic action, therefore, can 
result in precipitation on basophilic structures in nuclei rather than at the 
site of enzymatic activity. This does not happen with the azo dye, which 
presumably demonstrates the localization of enzymatic activity more ac- 
curately. 

Similar nuclear affinity for the calcium soaps of long chain fatty acids 
may explain the results with Gomori’s methods. Nuclear staining in the 
method for alkaline phosphatase has recently been shown to be largely due 
to nuclear affinity for calcium phosphate’ (30, 31). 

Numerous studies have been carried out on the variations in the con- 
centration of serum cholinesterase in disease states (see Augustinsson (5) 
for complete bibliography). Conflicting results have been reported. Of 
the mass of observations made to date, it appears that only liver disease 
is consistently associated with a fall in serum cholinesterase activity and 
that this fall may be correlated with the concentration of serum albumin. 
The occurrence of low serum cholinesterase activity in liver disease was 
confirmed in a few cases by the colorimetric method. It is claimed in a 
recent report that serum cholinesterase activity reflects hepatic function 
more accurately than a number of tests currently in use (32). The deter- 
mination of serum cholinesterase activity has allegedly been abandoned 
because of the marked variability in activity present in normal sera (5). 
While the entire range of cholinesterase activity in normal sera is broad, 
80 per cent of normal sera fall within a fairly narrow range of activity. 
The range of cholinesterase activity of normal sera by the present method 
is comparable to that obtained by a titrimetric method (82). Although 
isolated observations of serum cholinesterase activity may not be diag- 
nostic, serial determinations have been useful in following the course of 
liver disease (32). 


7 Personal communication from Dr. E, H. Leduc and Dr. E. W. Dempsey, 
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The simultaneous determination of total esterase activity revealed q | 15. Ko 
general parallelism between serum esterase and serum cholinesterase ac. | 16 oo 
tivity. It was also shown, by the use of selective inhibition of serum | 1°" 
cholinesterase with low concentrations of physostigmine, that an appre | jg Ta 
ciable fraction of the esterolytic activity of human serum is due to a vari- | 19, Sel 
able amount of a specific enzyme, serum cholinesterase, within the general ( 
class of carboxylic acid esterases. The identification of a specific and | - 
major component of serum esterase may be expected to provide a more e 
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rational approach to the study of variations in esterase activity associated 
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with disease states. 24, Gl 
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SUMMARY 30. N 
1. The preparation and properties of 8-carbonaphthoxycholine iodide, a = ' 
chromogenic substrate for serum cholinesterase, and 6-bromo-f-carbo- - 


naphthoxycholine iodide for the histochemical demonstration of the enzyme 
are described. 


2. The specificity of these substrates for the serum type of cholines- 
terase is demonstrated. 


3. A standardized colorimetric method is outlined for the estimation of 


serum cholinesterase activity, and the range of normal values established 
for this method. 


4. A procedure is described for the histochemical demonstration and 
localization of serum type cholinesterase in tissues. 
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phate, effect, Stawb and Vestling, 
395 
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395 
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Glucosaminidase: a-, Roseman and Dorf- 
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cal constitution, Jenkins and 
Ciereszko, 305 
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doxine effect, Roberts, Younger, and 
Frankel, 277 
Glycine: Nucleic acid purine precursor, 
role, Furst and Brown, 239 
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deficiency, Melville and Hummel, 
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ficiency, Hummel and Melville, 391 
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relation, Holden, Wildman, and Snell, 

559 

Keto acids and vitamin Bg, relation, 
Holden, Wildman, and Snell, 559 
Leucine and isoleucine keto analogues, 
effect, Meister and White, 211 
Guanine: 7'etrahymena geleii synthesis of 
nucleic acids, use, Flavin and Graff, 


55 

H 
Hexose: Utilization, aerobic, Tetra- 
hymena geleii enzyme systems, Sea- 
man, 439 


Histidine: Tissue enzymes, deficiency, 
effect, Bothwell and Williams, 129 
Hydroxy acid(s): Growth, vitamin Be 
and, relation, Holden, Wildman, and 
Snell, 559 
Hypoxanthine desoxyriboside: Metabo- 
lism, Manson and Lampen, 95 
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Mass 181, u-thyroxine-labeled, bile ex- 
cretion product, Taurog, Briggs, and 


Chaikoff, 29 
Non-thyroglobulin, thyroid, Tong, 
Taurog, and Chaikoff, 665 


Taurog, Tong, and Chaikoff, 677 
u-Thyroxine-labeled, Taurog, Briggs, 
and Chaikoff, 29 
Isoleucine: Keto analogues, growth, 
effect, Meister and White, 211 
Isorubijervine: Chemical constitution, 
Sato and Jacobs, 63 


J 


Jervine: Isorubi-. See Isorubijervine 
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Keto acid(s): Growth, vitamin Bs and, 

relation, Holden, Wildman, and Snell, 

559 

Ketogenesis : Ammonium chloride mech- 

anism, Recknagel and Potter, 263 

Ketosteroid(s): 17-, conjugated, urine, 

hydrolysis, Bitman and Cohen, 351 
Kinase: Fructo-. See Fructokinase 
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Lactate: Liver, diabetes, insulin effect, 
Felts, Chaikoff, and Osborn, 683 
Leucine: Iso-. See Isoleucine 
Keto analogues, growth, effect, Mei- 
ster and White, 211 
Leuconostoc citrovorum: Factor, liver 
choline oxidase, relation, Williams, 
123 
Lipide(s): Brain, preparation, Folch, 
Ascoli, Lees, Meath, and LeBaron, 
833 
Proteo-. See Proteolipide 
Sphingo-. See Sphingolipide 
Lipoprotein: See also Proteolipide 
Liver: Adenosinetriphosphatase, Swan- 
son, 577 
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Fructokinase, fructose-1-phosphate, 
effect, Staub and Vestling, 395 


Homogenates, uric acid conversion to 
alloxan, effect, Grunert and Phillips, 
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Lactate, diabetes, insulin effect, Felts, 
Chatkoff, and Osborn, 683 
Phosphatases, Swanson, 57 


Ribonucleic acid, polymerized, prep- 
aration and depolymerization, Grin- 


nan and Mosher, 719 
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Rosenberg and Waddell, 757 
Petering and Waddell, 765 
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Muscle: Respiration and_ glycolysis, 
vitamin E deficiency, Hummel and 
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Myokinase: Phosphorylation, oxida- 


tive, effect, Kielley and Kielley, 485 
Myrothecium verrucaria: Spores, respi- 
ration, nitrophenol effect, Shirk and 
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Neopyrithiamine: Enzyme study, Wool- 
ley, 43 


Neurospora: Diphosphopyridine nucleo- 
tidase, Kaplan, Colowick, and Nason, 


473 
Nitrofuran(s): Metabolism, Bender and 
Paul, 217 
Taylor, Paul, and Paul, 223 
—, xanthine oxidase effect, Taylor, 
Paul, and Paul, 223 

See also Furacin 
Nitrogen: Fixation by Clostridium, 


intermediate, isolation, Zeliich, Ros- 
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spores, respiration, effect, Shirk and 


Byrne, 783 
Nucleic acid: Purines, glycine and 
adenine as precursors, Furst and 
Brown, 239 
Ribo-. See Ribonucleic acid 
Tetrahymena geleit synthesis, guanine 
use, Flavin and Graff, 55 
Nucleoside: Desoxyribose. See Des- 


oxyribose nucleoside 
Nucleotidase: Diphosphopyridine. 
Diphosphopyridine nucleotidase 
Nucleotide: Actin, Laki and Clark, 599 
Diphosphopyridine. See Diphospho- 
pyridine nucleotide 
Pyridine. See Pyridine nucleotide 
Nucleus: Cobalt, copper, and zine dis- 
tribution, Rosenfeld and Tobias, 


See 


339 
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Oxidase: Ascorbic acid. See Ascorbic 
acid oxidase 
Choline. See Choline oxidase 
Xanthine. See Xanthine oxidase 
Oxytocin: Oxidation, performic acid ef- 
fect, Mueller, Pierce, Davoll, and du 
Vigneaud, 309 


P 


Pantothenic acid: Monophosphates, 
synthesis and properties, King and 
Strong, 515 

Peptidase: Tri-. See Tripeptidase 

Peptide(s): Copper salts, spectropho- 
tometry, Spies and Chambers, 787 

L-Serine, proteolysis, enzymatic, Har- 


ris and Fruton, 143 
—, synthesis, Harris and Fruton, 
143 
Phenol: Nitro-. See Nitrophenol 
Phosphatase(s): Liver, Swanson, 577 
Phosphate: Adenosinetri-. See Adeno- 
sinetriphosphate 
Inorganic, butyrate oxidation by 


Clostridium kluyveri, effect, Kennedy 
and Barker, 419 
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Phosphorylation: Oxidative, myokinase 
and adenosinetrphosph atase effect, 
Kielley and Kielley, 485 

Phosphotransacetylase: System, acetyl 
transfer, Stadtman, Novelli, and Lip- 
mann, 365 

—, coenzyme A function, Stadtman, 
Novelli, and Lipmann, 365 

Pituitary: Extracts, proteolysis, effect, 

Adams and Smith, 651 
Posterior. See also Oxytocin, Vaso- 
pressin 

Porphyrin(s): Isolation, 
raphy, Lucas and Orten, 287 

Proline: Oxidation, cortisone effect, 
Umbreit and Tonhazy, 249 

Protein(s): Blood serum, chicken, age 
and maturity, effect, Brandt, Clegg, 
and Andrews, 105 

Lipo-. See Lipoprotein 

Proteolipide(s): Brain, isolation, Folch 
and Lees, 807 

Proteolysis: Enzyme, uL-serine peptides, 
Harris and Fruton, 143 

—, tissue, Ellis and Fruton, 153 
Pituitary extracts, effect, Adams and 
Smith, 651 

Protozoa: See also Tetrahymena, Tre- 
ponema 

Provitamin: D, Modiolus demissus, Ros- 


chromatog- 


enberg and Waddell, 757 
Petering and Waddell, 765 
Dn, Petering and Waddell, 765 


Purine(s): Nucleic acid, glycine and 
adenine as precursors, Furst and 


Brown, 239 
Pyridine: Diphospho-. See Diphospho- 
pyridine 


Pyridine nucleotide: Cyanide, reaction, 
analytical use, Colowick, Kaplan, and 
Ciotti, 447 

Pyridoxine: Brain glutamic decarbox- 
ylase, effect, Roberts, Younger, and 
Frankel, 277 

Pyrithiamine: Iinzyme study, Woolley, 

43 

Pyrophosphate: Radioactive, diphos- 
phopyridine nucleotide enzymatic 
cleavage, use, Kornberg and Pricer, 

535 
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Quinolinic acid: Determination, micro- 
biological, eet a Bonner, 


543 
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Ribonucleic acid: Polymerized, liver, 


preparation and depolymerization, | 


Grinnan and Mosher, 719 

Ss 
Salmine: Amino acids, Velick and 
Udenfriend, 233 
Examination, isotope derivative 


method, Velick and Udenfriend, 233 
Serine: L-, peptides, proteolysis, en- 
zymatic, Harris and Fruton, 143 

—, —, synthesis, Harris and Fruton, 
143 

Shikimic acid: Biosynthesis, aromatic, 
role, Davis, 315 
Sphingine: Chemical constitution, Car- 
ter and Humiston, 727 
Sphingolipide(s): Biochemistry, Carter 
and Humiston, 727 
Stearic acid: Carbon atoms 1 and 6, ecar- 
bon dioxide conversion from, in vivo, 
Weinman, Chatkoff, Stevens, and 
Dauben, 523 
Steroid(s): Keto-. See Ketosteroid 
Strandin: Brain, Folch, Arsove, and 
Meath, 819 
Succinic acid: Oxidation by bacteria, 


adenosinetriphosphate formation, 
Hersey and Ail, 113 

ar 
Tetrahymena geleii: Enzyme systems, 
Seaman, 439 
— —, hexose utilization, aerobic, Sea- 
man, 439 


Nucleic acid synthesis, guanine use, 
Flavin and Graff, 55 
Thiamine: Neopyri-. 
amine 
Pyri-. See Pyrithiamine 
Thymus: Tripeptidase, Ellis and Fruton, 
153 
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| Tong, Taurog, and Chaikoff, 665 
| Taurog, Tong, and Chaikof, 67 
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Tripeptidase: Thymus, Ellis and Fruton, 
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Trypsin: Chymo-. See Chymotrypsin 

Trypsinogen: Chymo-. See Chymo- 
trypsinogen 


Tyrosinase: Tyrosine-related substances, 
action, Lerner, Fitzpatrick, Calkins, 
and Summerson, 

Tyrosine: Diiodo-. See Diiodotyrosine 

-Related substances, tyrosinase action, 
Lerner, Fitzpatrick, Calkins, 
Summerson, 
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Urea: Biosynthesis, Ratner and Petrack, 
693 

Uric acid: Alloxan conversion fron, 
liver homogenates, effect, Gruner 
and Phillips, 633 
Urine: 17-Ketosteroids, conjugated, hy- 
drolysis, Bitman and Cohen, 351 
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reagents, Van Slyke, 
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Veratramine: Chemical constitution, | Vitamin(s)—continued: 
Jacobs and Sato, 71 FE, deficiency, muscle respiration and 
Veratrine: Alkaloids, Sato and Jacobs, glycolysis, Hummel and Melville, 
63 391 
Jacobs and Sato, 71 Pro-. See Provitamin 
Vitamin(s): Bs, keto and hydroxy acids, 
growth, relation, Holden, Wildman, x 
and Snell, 559 | Xanthine oxidase: Nitrofuran metabo- 


B,., determination, microbiological, 
cyanide effect, Cooperman, Drucker, 
and Tabenkin, 135 

E, deficiency, creatine and glycocy- 
amine metabolism, Melville and 
Hummel, 383 





lism, effect, Taylor, Paul, and Paul, 
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Zinc: Mass 65, tissue cytoplasm and 
nuclei, Rosenfeld and Tobias, 339 
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